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The r e su l t s  and conclusions presented i n  t h i s  report a re  based t o  
a great  extent on work generated by the Dynamic Analysis and System 
Integrat ion Groups. 

REPORT LED-290-2 
DATE 14 May 1963 
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SECTION 1. - INTRODUCTXON 
I n  accordance with the requirements of a GAEX - MSC agreement 

( R e f 3  LEM-I~-62=4'7H dated 18 December 1962, subject: Technical 
Data Review) a preliminary study has been conducted t o  evaluate 
a l te rna te  approachee for thrust  vector control of the L&M vehicle. 
By def ini t ion,  the systems t o  be evaluated h a v e  been selected t o  
be those which are u t i l i zed  for  modulating the magnitude and/or d i r -  
ection of the vehicle th rus t  vector throughout the mission prof i le .  
This will include all phases such as separation, inject ion i n t o  
equi-period orb i t ,  abort  from descent coast , powered descent, abort  
from powered descent, f l a r e ,  t rans la t ion  t o  touchdown, powered ascent, 
rendezvous and docking. Only the coasting phases during ascent and 
descent have been excluded from consideration i n  t h i s  atudy, therefore, 
as  thrus t  vectoring i s  not accomplished during these periods. 

In evaluating the  al ternate  approaches t o  e f fec t ing  thrus t  
vector control, three major design constraints were adapted t o  serve 
as grounc'rules, and e re  l i s t ed  below i n  order or" highest p r ior i ty .  

1. Crew Safetx - Only those systems with the Sreatest  inhe.rent 
re l iabi l i ty  and crew safety w i l l  be cousidercd. 

2. Trajectories - Thru3t vector control systems must be capable 
of e f fec t ing  vehicle control  over the LIB functional tra- 
jec tor ies  requirements and wi th in  the tolerances needed fo r  
sa t i s fac tory  execution of all phases of the mission. 

3.  Handling Qdalit ies - Astronauts shall be capable of effect ing 
sa t i s fac tory  control during a l l  phase8 requiring manual 
inputs.  

Based on the above considerations an integrated control system 
consiating of sixteen 100 pound reaction j e t s ,  a th ro t t l ab le  ( 1,050- 
lO,5W pounds) desceut engine gimballed for automatic t r i m  control 
about the vehicle Y and 2 axes, plus a fixed nonthrott lable (3,500 
pounds) ascznt engine i s  recommended a t  t h i s  time for  effect ing 
vehicle thrust vector control during the required mission phases, 

G R U M M A N  A I R C R A F T  E N G I N E E R I N G  C O R ? O R A T l O N  
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This report  discuaees a l te rna te  methods of th rus t  vector control 
and presents a recolnnended configuration. 
l i e s  i n  the meam of obtaining a t t i t ude  control  during the dement 
thrust ing portions of the  miaaion. 

The heart of the problem 

Four methods were coneldered: 

1. Reaction control (HC) Jete  only 

2 .  G i m b a l  control only 

3. Engine gimballed for cog. trim plus RC?*jete for a t t i t ude  
control  

4. RC jets plue high gain gimbal f o r  a t t i t ude  control  

The first two methods were excluded because they won't provide the 
required torque capabi l i ty  with prac t i ca l  designs. 
were studied i n  more detail. 

The last two 

Method #3 was selected for recommendation in t h i s  report  for  
the following reasons: 

1. A single  pa i r  of RC Jets W i l l  meet the control torque 
requiremnts  for  a normal mission i f  a slow rate t r i m  
gimbal is used for c,g. compensation. 

2. The only time that high r a t e  attitude maneuvers may be needed 
vhile thrusting i s  during the hover t o  landing phase (without 
considerins abort) .  
least ef fec t ive  since th rus t  is  cloee to minimum. 

This is the t i m e  w-kn the gimbal is 

3. RC control torque can be doubled for possible "hard over" 
t e r r a i n  avoidance maneuvers o r  abort  maneuvers by employing 
the redundant pa i r  of jets t h a t  is  available about any one 
ax is  a t  a t i m e .  

4. A maximum of 6 degree gimbal deflect ion i s  considered a 
prac t i ca l  l i m i t  f o r  apace reasons. 
degrees i s  needed for cog. t r i m .  This leaves very l i t t l e  
f o r  attitude control torque a w n t a t i o n .  

An estimted 3.5 t o  4.5 

5. The high rate gimbal actuator  is  20 pounds heavier than 
the trim gimbal and require8 45 times as much peak pover 
(1200 watts VS. 7 watts), and roughly 18 times as much 
average power . 

6. Although a quantitative r e l i a b i l i t y  aaaLysis hao not been 
completed, the high rate gimbal is more complex since it 
needs ser-o loop electronics. 
open loop on-off device and is therefore more re l iab le .  

The trim actuator  1s a sirUph 

7. The poss ib i l i t y  of a run-away gimbal pre8cnta.a much greater 

G R U M M A N  A I R C R A F T  E N G I N E E R I N G  C O R P O R A T I O N  
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crew safety hazard with the high speed gimbal (20 deg/sec) 
than the sow speed trim gimbal (.2 deg/eec). 

For these reasons the t r i m  gimbal plus RC j e t s  f o r  a t t i t ude  
control is recommended f o r  approval by NASA-MSC. 

Additional aspects of the th rus t  vector autopilot  that a re  
discussed i n  the report  include modes of operation, RC je t  location, 
j e t  logic, pulse modulation schemes, handling qua l i t i es ,  fuel  slosh 
problems and control dynamics. 
and docking simulations are also discussed br ie f ly .  

Preliminary results of recent  landing 

Finally,  future work on th rus t  vector control i e  outlined i n  the 
report, and upon approval, w i l l  be based on the reconmended configuration. 

G R U M M A N  A I I C R A f T  E N G I N E E R I N G  C O R f O R A f l O N  
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The design requirements f o r  thrust vector control  must be 
based on navigation and Guidance requlrernents, i - i tcgrat ion with 
other  ~ubsystems including communications, environmental control  
and st ructures ,  human factorg,  and r e l i a b i l i t y .  
must then be weighed against  the  p r a c t i c a l i t y  of E S  implementation. 

These considerations 

Tho bas ic  deeign philosophy t o  be used i n  FCS design will be 
t o  use the  simplest and most rel iable  design t h a t  w i l l  do the Job. 
The requirements are discussed i n  d e t a i l  here and sumnarized i n  
table 3-1. The LEM vehicle charac te r i s t ics  are shown i n  figure 3-1. 

Dynamic Ranges 

THRUST DYNAMIC RANGE 

Thrust level range f o r  t he  descent main engine must be lo50 t o  
10,500 lbs with t h r o t t l i n g  capabi l i ty  between these limits. 
range i s  based on the  t raJectory outlined i n  the mission p r o f i l e  
given i n  appendix A (vehicle weight and LV a8 a flmction of time). 
Throt t l ing aver the e n t i r e  range from 1050 to 10,500 lhs  is required 
by N & G from in jec t ion  t o  hover. 
from hover t o  landing 8 range of 1050 t o  3000 15s. w i l l  be used. 
This does not prccl ide thc poss ib i l i t y  of manual t h ro t t l i ng  oyer 
la rger  t h r m t  ranges fo r  conting2ncy s i tua t ions .  

This 

During manual t h ro t t l i ng  operation 

Ascent engine th rus t  can be r e s t r i c t ed  t o  a single l e v e l  since there  
i~ no requirement f o r  control l ing thrus t  t o  woiQit r a t i o  as there  
is during hover t o  landing. (Also, a second t h r u s t  l eve l  capability 
is  avai lable  from RC je ts  f o r  use during rendezvous o r  f o r  ascent 
mid-course guidance corrections.) 
be used i s  35GO lbs,  which corresponds t o  the required 
p ro f i l e  given i n  appendix A. 

The main engine thrust l e v e l  t o  
V and time 

T i U S T  IKPUISE DYNAMIC RANCE 

Thrust impulse during d scent w i l l  range from 2.5 x lQ5 lb-sec 

(refer t appendix A ) .  
( inJect ion)  t o  2.9 x LO % lb sec (flare) for powere3 descent ,  

3.4 x 10 g lb-set. 
The total t h rus t  impulse will be approximately 

During ascent the range i s  from that needed for mid-course corrections 
(which are presently not known)to 10.7 x 103 lb-sec, for the  main  
engine. 
lb-sec (minimum impulse using 2 je ts)  t o  roughly 2 x lo4 lb-eec 
( f o r  rendezvous). 

For the RC Jete i t  w i l l  range fram minimum impulse of' 1.2 

!I'ORQUZ DYNAMIC MJCE (abor t  Y and Z axis) 

Torque dynmic rmge is gove=.nzd by a nuinber of fac tors ,  some of which 
m u s t  be traded of f  against  each other. 
t o  provide compensation for c o g ,  offset plus maximum angular accelerat ioc 

Maximm torque is that  needed 

G R U M M A N  A I R C R A f T  E N G I N E E R I N G  C O R P O R A T I O N  
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MISSION PfIASE 

Vehicle Wzi& 
(ear th  pounds) 
Posi t ion of cg along X-axis  
(inches) 

Ixx Mcrnents 
of 

Ine r t i a  I Y Y  
(s lug-f t2)  

I Z Z  

FXGURE 3-1 

HOVER LIFT-OFF STAFCC OF 
SEPARATXOD 

219993.7 10,843.0 7,379.1 

194.8 214.8 236 7 

11,933 6,001 3,617 

11,492 6,351 2,411 

11,550 6,482 2,706 

LE24 COI!KFIGURATION AND MASS PROPERMES 

(Based on PruposaL Values) 

Reaction Control J e t s  

-2 .x-- 

I 7 

- - .* Ascent Engine -= 240 ” Thrust 

/ 
x = 2W.U.’ 

t 
-x 
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.'i6 Cent 

Other t 
90 f't-lbs to 
2200 ft- lbs  

Torque With Trim Gim- 
Impube ( L t )  bal: 

6.6 t o  2200 ft 
l b  8 - se c 
Without T r i m  T1.1 ft-lbs-sec 
imbal r 

Predictability 

Z.6 t o  106 ft- 
lb-eec - 

A t  t i tude 
Control 
Accurecy 
About Y&Z axe 
Thrust 3500 lbs '515 after 5 sec. 

+0.1 deg.std. 
dev., zero man 

0 

  LO,-^$ at end of 
duty cycle 

Thrust (sot known 2 Predictability 
fmpUlSC? to  1.07xlo %O ft-lb-sec 
Torque c.g.offset: 

U O - n O  f t - lbr  

2200-f't-lb~ 
Other: 70- 

Torque 6,6 to lo5 
,Impulse ft - lb-ae c 

Attitude 
Control .) 

Accuracy 

RLPORT fiED-290-2 
14 May 1961 - ~- 
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plum 8 mnrgin for cross coupling a& other disturbmcet. 
estimates of cog. offset dur ing  descent indicate a nwudmtnu of 2.5" 
is  to be expected. A t  nmxipm twt of r0,W Ibs, thr, largeat 

needed for c.g. compeasation unless a trim gimbal i s  used. 

Preliminary 

torque deV6?lO*if 16 2200 .ft--LbS. This i S  th@EfOm t h 4 t  

During ascent the cog. offset  can be as large a8 2.6 inches (en 
average of 1.0 incheta over the thrusting period is required, hovever, 
for reasons of RC fuel consumption). 
required torque for campensation is 770 ft-lbr.  Colmn A of Table 
3.2 summarize8 the torque needed for cog. caplpenmtfon throughout 
the mission. 
maneuvars take place during descent tbrwting periods except fkm , 
hover to touchdown, where the maneuvers are still rather small under 
normal conditions. Colurnn B of Tablo 3.2 Usts the attitude control 
torque repuirelaents for a nomid. U S S i b n o  

A t  a 3500 Ib thrurt k v e l  the 

A8 seen in the mission profile, no large, rapid attitude 

A possible need for large attitude accelerations may ar ise  In the 
case of eneergency t e r r a in  avoidance maneuvers. 
problem has not been studied to any great extent and must be approached 
from a more general handling yuel i t ies  (HQ) viewpoint. 
found that, an a t t i t .de  rate Unit of 20 deg/sec dur ing  manual. operation 
i s  satisfactory. 
less than 1.5 seconds i s  a sotiafactory HQ range (HQ is discuss& i n  
more detail below). This mans an angular acceleration of approximately 
18 deg/se2 must be available for emergency te r ra in  avoidance maneuvers, 
allowing a margin for  contrel dynamics. 

The t e m i n  avoidance 

It has been 

In addit ion,  response t ime ( 3  time ccristants) of 

'phe torque required to accomplish this, using the appropriate moment 
of inertia, is: (hover t o  landing) 

For cross-coupling and other low frequency disturbance torpues including 
engine misal ipmnt ,  200 ft-lbs i s  allowed during descent. 

In slanmary, P maximum of 2200 ft-lbs of torque (or a trim gimbal) is 
needed for c.g. o f f s e t  and 2100 M;-lb. for angular acceleration cap- 
abi l i ty  during hover to touchdown. 
extrapolation of' the latter value to the remainder of the mission 
thereby giving available certr01 torque for possible emergency abort 
maneuvers . 

Column D of Table 3.2 gives an 

Preliminary estimates of  attitude acceleration requiremats during 
abort maneuvers indicate that the available torqpes given in Table 
3.2 are suf'fident. 'pbis is discussed further in paragraph 3.3. 

EWC.73 

REPORT -290-2 
14 May 1963 DATE 
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Minimum torque i s  t o t a l l y  dependent'ron the autopi lot  and torque generator 
response character is t ics .  One hundred pound ON-OFF reaction jets have been 
selected ear ly  i n  the program f o r  the following reasons: 

1. They provide a good compromise between control torque and minimum im-  
pulse needs, the minimum impulse being 0.6 lb-sec. 
lever  ann the  resul t ing minimum a 
LEN i s  i t s  l i gh te s t  (1000 slug f t  T i s  8 min. = 6.6 milliradians/sec. 
This i s  an acceptable rate f o r  l i m i t  cycle operation. 
They are t r i e d  and proven hardware currently under development f o r  use 
i n  the Apollo vehicles. 
It should be noted-that torque requirements about the Y and Z axes 
given above a re  based on vehicle i ne r t i a s  given the f i r s t  column of 
tab le  3.2. If vehicle i ne r t i a s  undergo significant grarth, the torque 
requirements must increase. 

With an ll foot 
larerate t h a t  can be comanded when 

2 .  

TOFQlIl IWULSE DYNAMIC RANGE 
For descent, the high end of t h  
termined by the "hard over" maneuver t o  20 deg/sec angular rate i n  1.0 sec 
i f  a gimbal i s  assumed f o r  c.g. t r i m .  This would be a torque impulse of 
2100 ft-lb-see.  If a t r i m  gimbal i s  not med, the worst case torque impulse 
would depend on the control system dynamics. 

Minimum impulse i s  again an  RC j e t  design consideration. 
je ts  being considered, a t  a lever  arm of 11.0 ft, it would be 6.6 It- lb-sec 
since impulse pred ic tab i l i ty  beccmes very poor below 0.6 lb-sec thrus t  
impulse (refer t o  Appendix E).  

During ascent 'Cb. l - a q e s t  torque impulse w i l l  be t h a t  needed f o r  c.g. 
offset and w i l l  a k , o  iiepend on control system dynamics. 
will again be J.; 2%-lb-see. 

dynamic range of torque impulse (LT) is  de- 

For th. 100 /h 

Minimum impulse 

Accurac;. 
ATTI"DE CONTROL ACCURACY 

Atti tude control accuracy requirements during thrust ing periods have not 
yet been firmLy established. Preliminary navigation and guidance study 
resu l t s  and FCS implementation considerations have l ed  t o  the following 
values. 
of zero with respect t o  the coxnanded angle. S t andak  deviation during 
ascent s h a l l  be +0.2 deg, again with a m e a n  of zero. 
an a t t i t ude  sensing resolution at l e a s t  an order of magnitude better, o r  
0.6 minutes of arc.  
been established but are not  expected t o  great ly  a f f e c t  the guidance 
problem. These accuracies are presently being reviewed f o r  possible 
re laxat  ion. 

Standard deviation during descent s h a l l  be +0.1 deg w i t h  a mean 

These values assume 

Transient a t t i t ude  e r r o r  requirements have not yet 

THRUST ACCURACY 
Thrust accuracy during descent need not  be s t r ingent  since th ro t t l i ng  i s  
available f o r  guidance corrections. It has therefore been established on 
the basis of present specified hardware capability, which i s  as f o l l W s :  

- +l.@ a f t e r  5 sec burning t i m e  a t  f u l l  thrust .  
+l@, - 1.d a t  end of duty cycle a t  f u l l  th rus t .  

WORT LED-290-2 
DATE 5/14/63 
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Thrust t h r o t t l i n g  resolution, however, has been established a t  the 
following values; again based on preeent hardware capabili ty:  

+ 1.0s frorn 8400 - 10,500 lbs.  t h rus t  

+ 5.O$ from 3000 - 8400 lbs. thrust  

- 
L 

+ 1.0% fIYXU 1050 - 3000 lb6. thrust - 
Resolution is defined us the minimum change i n  t h r u s t  level c m a  
signal t h a t  w i l l  cause a change i n  thrus t  l e v e l .  

Thrust accuracy attainable i n  t he  ascent stage is the same as the  
descent stage and is presently being reviewed f o r  possible improvement. 

TORQUE ACCURACY 

Torque accuracy requirements can be based on minimum impulse requirements 
and cross coupl iw e f f e c t s  due t o  an unbalanced couple (causes tran- 
s l a t iona l  motions). 
required f o r  pre-L-entinq cross coupling from t rans l a t ion  accelerations 
t o  ro ta t iona l  motion are more st r ingent .  Maximum to le rab le  error f o r  
t h i s  e f f ec t  has been set  a t  ?l$ of nominal jet; t h rus t  l e v e l  (essw.ed 
'LOO III je ts) .  
o r  an  angular accelerat ion of 6 m i ~ i r a d i a n s / s e c ~ a s  a worst case. 
Since the same jets  are used f o r  t o rqw and t rans la t ion ,  the resu l t ing  
torque accuracy w i l l  also 'ix 7 1.05. 

It turns out, however, that RC jet  accuracy 

This would r e s u l t  i n  a cross c o w  ng torque of 11 f t - l b s ,  

THRUBT IMPULSE ~ I C T A B I t I T y  

Thrust impulse pred ic tab i l i ty ,  or shut of f  uncertainty has been set 
a t  100 lb-sec for  the descent engine. 
f o r  obtaining a v e r t i c a l  veloci ty  a t  touchdown of less than 5 f't/sec. 
During ascent the impulse predic tab i l i ty  required i s  200 lb-sec and i s  based 
on the required precision f o r  inJectian i n t o  a c lea r  pericynthior, ,I:*bit 
from l i f t - o f f .  

This is based on the requirement 

TORQUE IMPULS3 PREDICTABILIq 

A s  explained earlier, the 100 l b  RC jets have been selected f o r  
generating control  torqu? because of a v a i l a b i l i t y  and because they 
are a good compromise between maximum torque requirements and minimum 
impulse capabi l i ty .  
torque-impulse .with a p red ic t ab i l i t y  of 0.1 lb-see ( o r  1.1 f't-lb-sec). 

The minimum impulse ia 0.6 lb-sec ( o r  6.6 f't-lb-sec 

Abort Considerations 

A st r ingent  requirement is placed upon the LED! angular  r a t e  and accel- 
e r a t ion  capabi l i ty  during am abort s i t*mt ion  from powered descent 
t o  rendezvous. Assuming the abort t ra jec tory  reGuires an i n i t i a l  
v e r t i c a l  th rus t  period, the LEM attitude must be changed from that 
which it assumes i n  a nominal powered descent t r a j ec to ry  t o  a v e r t i c a l  
posit ion.  This angular change can xary between 100° and 60' depending 
upon the point of abort i n  the powered descent t ra jec tory .  A current 

E R G - 7 3  
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abort procedure Indicates t h a t  the minimum acceptable rate and accel- 
e ra t ion  is 10°/sec and 10°/sec2 respectively. 

When r e su l t s  from the present abort t ra jec tory  and accuracy s tudies  
are obtained, fur ther  constraints may be applied t o  the th rus t  
magnitude and a t t i t u d e  hold accuracy requirements, 

Handling, 2uality Requirements 

Handling qua l i t i es  rcguirements for the LIB will be developed by using 
data from three reference 8ources: 
qua l i t i e s  specifications;  2) rSlated simulation programs conducted by 
othek organizations; and 3) GAEC LFBl simulation programs. 
being used t o  es tab l i sh  these requirements ore: 

I) current aircraf't  handling 

The approaches 

1. Draw an analogy between performance requirements of the L@l 
f o r  various mission phases and thoso of other known vehicles 
such as missile, airplane,  helicopter.  

2. Review available Handling Qualities data derived from other 
simulation prograns (LElrl, Mercury, Gemini, Apollo, e t c )  and 
use i f  applicable. 

3. Reduce and integrate  data available from the GAEC LE34 docking, 
landing and rendezvous simulation programs. 

k basic control simulator is also planned t o  allow evaluation of 
parametric variation i n  the control display loop. 

Figure 3-2 summarizes the most eignificant r e su l t s  of the simulator 
programs t o  date .  
and "acceptable" regions for the hover to  landing chart  was found t o  
be less w e l l  defined than the boundary between "acceptable" and "un- 
acceptable" regions. 
of uncertainty.  This curve forrmo- the basis fo r  the hover t o  landing 
autopi lot  response requirernent,given i n  paragraph 3.1, of response t i m e  
less than 1.5 sec. 
may be a misleading result of the experimental method. 
case, c r i t i c a l  t o  the problem at  hand, 

It i s  seen that the boundary between the "satisfactory" 

Iience, this boundary is shown with a fr inge area 

The l m r  l i m i t  on response time.implied by the curve 
It is  not, in any 
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SECTION 4 - DESCEN" l" v " R 3 R  C%N"RoL 

4 . 1  Thrust Magnitude Control 

It has already been established i n  the proposal ("Project Apollo - 
Lunar EStcursion Module Proposal", CAEC, 4 September 1962) and i n  
the study report  ("Lunar Excursion Module Study, GAEC, 22 June 1962) 
t h a t  a s ingle  deep t h r o t t l i n g  engine w i l l  be used f o r  descent ra ther  
than separate vern ier  engines. The reasons f o r  t h i s  choice w e r e  
c lear ly  s ta ted  and need not be pursued fur ther  here. The discussion 
w i l l  be confined, therefore, t o  the  t h r o t t l i n g  servo, the in te r face  
with N & G and the coakpit control ler .  

Figure 4-1 is a simplified diagram of the thrus t  magnitude control  
system. 

Noma1 mode of operation i s  f o r  the primary navigation and guidanae 
system t o  control  descent engine th rus t  during in jec t ion  In to  syn- 
chronous o r b i t  and puwered descent t o  hover. The p i l o t  can over- 
r ide  a t  any t i m e ,  and control th rus t  with the  cockpit control ler .  
The landing w i l l  be accamplished with the p i l o t  manually control l ing 
thrus t .  
but i t s  use w i l l  not be assumed f o r  t h i s  discussion. 

Completely autanat ic  landing is  presently being considered 

The main components of the descent engine t h r o t t l e  servo system a r e  
a pressun? transducer, servo electronics ,  and t h r o t t l e  valve actuator .  
The transducer produces a 0 t o  5 v o l t  D.C. s ignal  proportional t o  
engine chamber pressure ( th rus t ) .  
s igna l  and actuator  feedback s ignals  t o  the  th rus t  cananand s ignal  
and drives the  t h r o t t l e  actuator  accordingly. 
provided around the  torque motor, Design d e t a i l s  of the t h r o t t l e  
servo are being negotiated with subcontractors and' a r e  not ava i l -  
able a t  t h i s  time. 

The electronics  compares t h i s  

S tab i l iz ing  loops a re  

Thrust commands generated by t h e  N & G computer as the result of 
t r a j ec to ry  conditions are composed of 3200 pps pulse t r a ins .  Average 
pulse frequency i s  proportional t o  r a t e  of change of t h rus t .  This 
s igna l  format is  not useable by the proposed t h r o t t l e  servo which 
required as analog voltage proportional t o  camlanded thrus t  l eve l .  
Design of the in te r face  equipment i s  under discussion between MIT 
and Grumman. 

When the  p i l o t  e i ec t s  t o  manually control  t h rus t  l e v e l  he actuates  
a switch which disconnects the N & G system from the t h r o t t l e  servo 
and engages the  cockpit cont ro l le r .  The N & G system continues t o  
generate th rus t  cannnands which the p i l o t  has the option of using. 

Several systems are being considered t o  prevent s tep  changes i n  
thrus t  connnand when the  p i l o t  s e l ec t s  manual o r  N 80 G control.  A 
servo which drives the cont ro l le r  t o  follow N & G ccnmnands i s  one 
poss ib i l i ty .  
manual control, but would not prevent a s tep  input if the N & G 
system w e r e  re-engaged. 
connect t he  servo when manual control  I s  deeired, and t h i s  would 
decrease overall system r e l i a b i l i t y .  

This would prevent t r ans i en t s  when the p i l o t  assumes 

A de-clutching device is required t o  d i s -  
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Various shaping networks a re  being considered as a l te rna t ives  t o  
the above method t o  modi0  a s tep  input, and t h e i r  e f f e c t s  on thrus t  
response, servo s t a b i l i t y ,  system r e l i a b i l i t y ,  etc. are being inves- 
ti ga ted.  

Present plans are t o  provide a dual range t h r u s t  cont ro l le r  mounted 
on the l e f t  s ide of the p i l o t  s t a t ion .  
range w i l l  canmend continuously var iable  th rus t  between 3000 and 
10500 pounds. 
the powered descent, Since information t o  be used by the p i l o t  i n  
determining manual th rus t  requirements has not been defined it may 
be t h a t  the  high range w i l l  reduce t o  only a fixed l e v e l  t h rus t  
pos it i on. 

The cont ro l le r  high th rus t  

This is  the approximate t h r o t t l i n g  range ueed during 

The l o w  t h r u s t  range of the cockpit cont ro l le r  w i l l  be used during 
the  landing portion of the powered descent. Throt t l ing range is  
continuously variable between 1070 pounds and 3500 pounds. 
l a t i o n  programs have shown t h a t  t h i s  range is  adequate and t h a t  
precise control  within t h i s  range requires cont ro l le r  movement of a t  
l e a s t  3 arc inches. A t  t h i s  time there i s  no requirement f o r  manual 
control  of th rus t  levels  between the  2 ranges described. The con- 
t rol ler  w i l l  be provided with detents which w i l l  indicate  the limits 
of the  2 ranges and the  engine stop se t t ing .  

Simu- 

Three cont ro l le r  configurations are currently being considered f o r  - evaluation on the simulator. These can be categorized as  a i r c r a f t  
t h r o t t l e  type, Apollo t rans la t iona l  t h rus t  cont ro l le r  type and he l i -  
copter co l lec t ive  p i tch  control ler  type. 
appears desirable t o  provide Z and Y ax is  t rans la t ion  control while 
control l ing descent engine thrus t .  This is done most conveniently 
by incorporating these controls, along with t h e  X axis  t rans la t ion  
control  required during docking, i n t o  a single cockpit cont ro l le r .  
The integrat ion of 4 d i s t i n c t  f'unctions In to  a cunmon cont ro l le r  be- 
comes d i f f i c u l t  when such things as pressure s u i t  mobility and control 
motion/vehicle motion canpatabil i ty a re  considered. 
machine in te r face  relationships w i l l  be s e t t l e d  a s  the r e s u l t  of 
s tudies  current ly  under way. 

A t  the present t i m e  it 

These man- 

4.2 Thrust Direction Control 

Four a l t e rna t ive  methods of obtaining thrust direct ion control  ( o r  
a t t i t u d e  control  while thrust ing)  during the descent phase have 
been investigated, and are  as follows: 

1. RC je ts  only - the  RC je ts  provide c.g. o f f se t  cornpensation 

2. 
as w e l l  a s  a t t i t u d e  control.  
H i g h  gain gimbal only - gimbal I s  used f o r  c.g. of f se t  and 
a t t i t u d e  control,  thereby making it a high r a t e  and accelera- 
t i o n  gimbal, 
Low gain ( t r i m )  gimbal plus RC je ts  - t he  gimbal has low r a t e  
and acceleration and i s  used t o  compensate f o r  c,g. t r ave l .  
RC je ts  are used f o r  a t t i t u d e  control.  

3 .  
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4. High gain gimbal plus RC jets - the high gain gimbal augments 
the RC jets f o r  both c.g. compensation and a t t i t u d e  control.  

The f i rs t  two al ternat ives  were eliminated at an ea r ly  stage because 
they w i l l  not meet the requirements established i n  section 3.  

A s  shown i n  paragraph 4.2.1, a maximum of 2200 f't-lb. of a t t i t u d e  
cantrol power is  available from the RC j e t s .  This much i s  needed 
j u s t  f o r  ccurpensation of c.g. of f se t  during descent so that the  "RC 
j e t  only" configuration w i l l  not provide the required overa l l  control 
power. 
requirements. 
comgensation i s  the large amount of fuel required. 
average of 1.75 inch c , g .  offse t  (from tab le  3.2) a t h rus t  l e v e l  
of 8800 lbs, an RC j e t  l ever  am of 5.5 ft, an 
main engine burning t i m e  of 500 see. during descent, the RC f u e l  
weight required i s  : 

Use of larger Rc j e t e  i s  incanfpatible w i t h  minimum impulse 
Another point t h a t  precludes the use of jets for c.g. 

Assuming an 

Isp of 300, and a 

88" ' * E  5'' = 392 lbs. 
12 x 5.5 x 300 RC Wt./axis = 

This i s  far i n  excess of the added weight f o r  a c.g. t r i m  gimbal 
( % t o  lbs ,  for two axes). 
would therefore not be a p rac t i ca l  solution t o  the control torque 
problem. 

Adding extra j e t s  f o r  c.g. compensation 

The second a l te rna t ive  can be eliminated f o r  s imilar  reasons. I n  
order t o  obtain U O O  f t - l b s .  of control power (equivalent t o  one 
p a i r  of RC jets) a t  minimum th rus t  level ,  the  gimbal deflection angle 
needed is:  

-1 1100 f%-lbS 
3 f t  x 1050 Z ~ S  

s i n  

-1 1100 
3150 
- = s i n  

= 20 deg. 

Note: lever ann i s  approximately 3 f t .  during hover when minimum 
thrus t  i s  used. 

An a.dditiona1 deflection must a l so  be added for  c.g. o f fse t .  This 
is, of course, out of the question. An addi t ional  disadvantage of' 
using a high gain gimbal for  a t t i t ude  control  i s  the large var ia t ion 
i n  loop gain with thrus t  level .  

Configurations #3 and #4 mentioned above a.re the only ones worthy 
of fhr ther  study and are  presented i n  d e t a i l  here. 
af'ter be referred t o  as cases A and B. ' 

They w i l l  here- 

4.2.1 Case A - Itar Gain Trim Gimbal Plus RC J e t s  

Figure 4-2 shows a simplified block diagram of case A fo r  a s ingle  
ax i s  (pitch or  yaw), I n  normal operation a s ingle  p a i r  of RC j e t s  
form a couple about each axis f o r  a t t i t ude  control.  I n  the case of 
a jet failure, o r  f o r  extremely high angular accelerations (emergency 

~ 
~ ~~ ~~~ 
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hard mer comands), a second p a i r  of Jets  i s  avai lable  f o r  control  
torque on a timesham basis  about the  Y and Z axes, and a t  any time 
about X. 
zone #2 as shown, and appropriate j e t  logic. 
l a t o r  a l so  p rwides  redundancy. Very low frequency a t t i t u d e  d is tur -  
bances, such as C.Q. o f f se t ,  are conpensated f o r  by the t r i m  gimbal. 

This 1s aCCOnn>li8hed by providing the addi t ional  dead 
The addi t ional  modu- 

There are two possible types of t r i m  drives; E servo drive and an 
open loop constant speed motor. 
ably more complex, an e f fo r t  was made t o  evaluate the simpler constant 
speed motor. 
24. 

Since the fonner would be consider- 

The resu l t s  were good and are given i n  detail on page 

The four modes of operation t h a t  the eystem i s  capable of are obtain- 
ed a.s follows : 

Guidmce M)de - The guidance mode i s  a fu l ly  automatic mode. 
tude e r r o r  signals are sent  t o  the S & C Subsystem from the  Navi- 
gation and Guidance Subsystem o r  from the Backup Guidance Section. 
The a t t i t u d e  e r r o r  s ignal  i s  passed through the limiter and combined 
with the r a t e  gym damping s ignal  as shown i n  figul-e 4-2. The 
resu l tan t  signal then controls the f ir jng of the reaction je t s  
through the logic and pulse generating c i r cu i t s .  
( a t t i t ude  error tlnd rate) operates the giabal drive motor f o r  auto- 
matic t r i m  when the descent engine i s  f i r ing .  
provides f u l l y  automatic att i tud-e control  capabi l i t i es  during all 
phases of the mission except hover, landing and docking (manual 
rendezvous i s  a l s o  being considered). 

A t t i -  

This same s igna l  

The guidance mode 

Atti tude Hold Mode - I n  the Atti tude Hold Mode, the p i l o t  commands 
an angular r a t e  proportional t o  displacement of the  a t t i t u d e  con- 
t rol ler .  
vehicle w i l l  hold a t t i t ude .  

When the cont ro l le r  is  i n  i t s  neutral  posit ion,  the 

As shavnin figure 4-2, when the cont ro l le r  is  out of de'tent, the 
a t t i t u d e  loop is  opened and the a t t i t u d e  synch. is i n  follow up. 
The output of the a t t i t ude  cont ro l le r  i s  compared t o  the rate gyro, 
thereby providing a proportional rate command. When the cont ro l le r  
is  returned t o  detent,  the rate c m a n d  goes t o  zero and the  a t t i -  
tude loop i s  closed. 

This mode i s  the primary a t t i t u d e  control mode  during the docking 
phase of the mission. 
t o  reor ient  the vehicle during coasting f l i g h t ,  

It would a l s o  be used anytime the  p i l o t  wished 

Atti tude Command Mode 1 This mode i s  a ten ta t ive  one f o r  possible 
use during landing. 
local v e r t i c a l  proportional t o  h i s  a t t i t ude  cont ro l le r  displacement. 
That is, when the p i l o t  "tilts" the control  s t ick ,  the vehicle 
t i l t s ;  when he l e t s  go of the s t ick ,  the vehicle e rec ts .  This 
mode c8n be used t o  t r ans l a t e  during the hover and landing phase 
am3 i s  mechanized i n  the p i l o t  p i t ch  and ro l l  axes onLy ( p i l o t  yaw 
remains i n  the Atti tude Hold Mode). 

I n  t h i s  mode the p i l o t  c m a n d e  a t t i t u d e  from 

Note t h a t  control axes are 
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referred t o  i n  the pilot-oriented (not body-axis) sense, 
cedure f o r  t rans la t ing  while hovering would be: 

A pro- 

1. P i l o t  yaws vehicle about the  X-mi8 t o  l i ne  it up i n  the  direc- 
t i on  he wants t o  t rans la te .  (Yaw and p i t ch  i n  A t t i t u d e  Hold 
Mode ) 

2. P i l o t  pitches forward about the Y - a x i s  - linear acceleration 
proportional t o  p i tch  angle which i n  turn  i s  proportional t o  
p i l o t  input. R o l l  and yaw on a t t i t u d e  hold. 

constant l i n e a r  velocity.  A l l  three axes i n  a t t i t ude  hold. 
Establish rate of sink v i a  t h r o t t l e  control.  
P i l o t  pitches i n  opposite direct ion t o  reduce t rans la t iona l  velo- 
c i ty ,  t h r o t t l e  t o  control rate of sink. 
f o r  vernier  control  near ground. 

3.  P i l o t  centers control s t i c k  - vehicle erects and maintains 

4. 
RC jets may be used 

Direct Attitude Mode - This mode would be used only i n  the case of 
malfunction of the closed loop autcpi lot .  
only with open loop type acceleration control  and i s  therefore 
selectable  on an individual axis  basis .  The need f o r  two types 
of d i r ec t  control i s  indicated; a minimum pulse control t o  provide 
the precision necessary f o r  docking, and an on-off ty-pe f'ull th rus t  
control for rapid maneuvering (or maneuver ing) .  

It provides the  p i l o t  

A s  indicated i n  figure 4-2, the on-off type of control  is cal led 
"direct" and the minimum pulse control i s  called "pulse". Several 
types of "pulse" control are under Consideration a "one-shot" type 
whereby one minimum impulse i s  comanded each t i m e  the a t t i t ude  
cont ro l le r  detent switch i s  operated; a "repeated pulse" tme which 
cammands repeated minimum impulses a t  a low frequency as long as 
the  s t i c k  is  out of detent; and a "proportional" type which u t i l i z e s  
the pot i n  the control ler  t o  c o m n d  proportional pulse width ( s t i l l  
a t  a low frequency). 

J e t  Lo@ c 

Although the actual  logic  design has not been firmed as yet, 
a set  of logic  ground rules has been established as a design guide. 
They are  a s  follows: 

1. 

2. 

3 .  

4. 

5 .  

6 .  

The reaction control system w i l l  be assumed t o  be camprised 
of 16 j e t s  only. 
The control logic sha l l  be capable of conananding t ranslat ion 
along X, Y and 2 simultaneously. 
The control log ic  s h a l l  be capable of commanding angular motions 
about X, Y and Z simultaneously. 
Capability should ex i s t  t o  use e i t h e r  2 o r  4 j e t s  f o r  t ransla-  
t i on  along X, .a.s required. 
Four J e t s  shall be available for torque about Y and 2 during 
normal (no malfunctions) operation. 
I n  the event of a single ve r t i ca l  o r  horizontal  j e t  f a i l i n g  open, 
the f a i l ed  j e t  and the  adjacent v e r t i c a l  o r  horizontal  je t ,  
respectively, i n  the sane quad, w i l l  be isolated.  
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7 .  I n  the event of a single v e r t i c a l  or horizontal  jet  f a i l i n g  
closed, the failed j e t  and the adjacent v e r t i c a l  o r  horizontal  
je t ,  respectively, i n  the same quad, may o r  may not be isolated.  
Control log ic  shall be capable of handling e i t h e r  alternative. 

These ground rules  are subject t o  minor modification if logic  cum- 
p lex i ty  warrants it. Figure 4-3 shows a v i e w  of the RC j e t  layout 
with respect t o  the body axes. The reason8 f o r  se lec t ing  t h i s  lay- 
out a m  given i n  appendix B, the main reason being the  redundancy 
obtainable about each axis. 

Thrust Controller 

The th rus t  control ler  is  a left-hand control device which contains 
a posi t ion poten t imeter  i n  one axis only and a p a i r  of detent 
switches i n  each of three axes. The potenticmeter is  wed f o r  pro- 
portionalmanual t h r o t t l e  uontrol, as deecribed earlier, and the  
detent switches a r e  used t o  f i re  the reaction j e t s  f o r  t rans la t ion  
control.  

A t t i  tude Controller 

"he a t t i t ude  control ler  contains a posi t ion potentiometer and 
a p a i r  of detent switches i n  each axis. The potentiometer provides 
proportional rate camands i n  the Attitude Hold Mode o r  proportion- 
a l  a t t i t u d e  canrmands i n  the Atti tude Cunmand Mode i n  the p i tch  and 
r o l i  axes. 
function i n  the Attitude Hold M o d e  o r  canrnand j e t  f i r i ngs  i n  the 
d i r ec t  Atti tude M o d e .  

"he detent switches synchronize the a t t i t ude  followup 

Trim G i m b a l  

The t r i m  gimbal i s  driven by a constant speed motor, such as 
a synchronous type. 
t i m e  constant) integrator  which responds t o  low frequency c.g. motion. 
Dea.d zone no. 3 i n  figure 4-2 provides a threshold below which the 
drive motor is  not actuated. Two p a r a l l e l  drive uni t s  a re  f e l t  t o  
be necessary f o r  redundancy. Details of the t r i m  gimbal dynamics 
are given i n  Appendix C. 
a= applicable : 

It ac t s  l i k e  a very low gain (or very long 

The following t r i m  gimbal charac te r i s t ics  

Maximum gimbal displacement 
Maximum Gimbal rate 
Gimbal resolution (&ad Zone), baaed on 
5$ RC je% usage for c . g .  compensation 

Gear t r a i n  r a t i o  

Power required 
Maximum overshoot 

Drive mechanism weight ineluding elec- 
t ron ics  
Gimbal r i n g  weight 

= + 6,O deg. 
o -6.2 a d e e c .  

= +l.5 milliradians 

assumes motor 
speed of 4000 RPM) 

= 6.8 wattsAV.,27 w a t t s p a  
=I 6.2 X radian 

( 00035 

p: 22 lbs .  ( f o r  2 u n i t s )  
= 40 lbs. 
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Appendix D prwidee a describing f'unction s t a b i l i t y  analysis of 
the t r i m  gimbal plus RC j e t  system. 
reached i n  the analysis are: 

The important conalusions 

1. 

2. 

3.  

4. 

5 .  

6 .  

7. 

Satisfactory s t a b i l i t y  can be achieved with a simple constant 
speed gimbal drlve mechanism. 
An acceptahb range of equivalent motor time constants is  0.05 
sec. t o  0.3 seconds. Although larger equivalent time constants 
provlde more relat ive s t ab i l i t y ,  gimbal msponae t i m e 8  would be 
degraded. 0 

A gimbal rate ( 6 )  of 0.2 deg/sec appears t o  be sat isfactory 
and is recmnended. 
U s e  of this t r i m  schezm ltsrkes the use of on-off control undeb 
slmble. 
t r i m  control. 
The t r i m  8 e m  can be operated with the t r i m  relay threshold 
above o r  beluw the modulator deadzone. For the %mer case, 
the a t t i t ude  error can be maintained a t  a small steady s t a t e  
of f - se t  for a constant manent unbalance. 
lng a t  munentmnbalancea below 5$ of rated control torque, sane 
RCS propellant w i l l  be consumed. 
a zero average a t t i tude  error can be achieved f o r  a constant 
manent unbalance. 
be cansutned f o r  t h i s  case. However, a much higher t r i m  servo 
duty cycle w i l l  result. 
When gimbal rate is a t  steady state value of 0.2 deg/sec gimbal 
angle overshoot should be lese  than -02 degree when the gimbal 
motor voltage i s  removed. 
Assuming 500 f't-lb. i n i t i a l  c.g .  unbalance mment, thrust vector 
alignment at the a t a r t  of puwered descent must be vithin 1.15 
deg ( 3 6 )  of the l ine  pasai- through the h e  c.g. The gimbal 
w i l l  then align within 6 seconds. 

Pulse modulation should be wed with this type of 

Since the RCS is  aperat- 

Considering the l a t t e r  case 

A negligible mount of FCS propellant w i l l  

Modulator 

The modulator shown i n  figure 4-2 is required t o  convert e r ro r  
signals t o  ON-OFF pulaes f o r  actuating the RC jete.  

During nolmal a t t i tude  modes of operation (Guidance, Attitude 
Hold, and Attitude C-d), the reaetion jets are controlled by 
an e r r o r  signal caxposed of a commnd signal fran e i t h e r  the guidance 
system o r  the p i l o t ' s  a t t i tude  controller and feedback signals fram 
the posi t ional  and rate sensors. 
bistable  devices and multi-functional with regard t o  vehicle control, 
it is necessary t o  process the error s i p 1  before it can be applied 
t o  the jets. 
s e l ec t  logic c i rcu i t s .  
modnlation techniques1 currently being studied a t  GAEC and presents 
sane results obkined t o  date. 

Because the reaction j e t s  are 

This is the purpose of the pulse modulator and jet  
This section w i l l  discuss the several  pulse 

' ON-OFF Modulation 

The on-off modulator provides a constant amplitude whenever the 
i n m t  error signal is non-zero. This s igna l  is sent through the 
jet  se lec t  logic t o  generate vehicle torques such tha t  the error 
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s ignal  is driven toward. zero. 
such as 1) supplying maximum available control torque which minim- 
i z e s  system response time and 2) it is  inherently a slmple and re- 
liable configuration. The main disadvantage is  i n  i t ' s  l i m l t  cycle 
perfonnance. A ccmpariaon of the modulation techniques shawnar 
t h a t  the  OM-OFF modulator gives the largest duty cycles and la rges t  
minimum rate change and therefore the poorest l i m i t  cycle perfomance. 
The ayetem pelFforPYrnee i a  a l so  very sensi t ive t o  gain changes. 

The system has several advantages 

ON-OFF (Induced Rate  Feedback) 

This system uae8 the sane modulation technique as discuseed 
above, except the input e r r o r  signal contains an addi t ional  ccag?on- 
ent  pxwportimal t o  the in t eg ra l  of the applied j e t  torque. Proper 
adjustment of the re la t ive  magnitude of Wlls cctuponent cpakes it 
possible t o  achieve improved limit cycle operation. 
system maintains the torque capabi l l ty  and s implici ty  of the M-off 
system and pmvides i n  addition lower duty cycles and minimm rate 
changes. 
posi t ional  e r r o r  hcreesea uhen an external  torque (such as main 
engine t h rus t  misaligngent torque) is applied t o  the vehicle. A 
study is  presently being conducted t o  determine i f  the n o d  and 
induced rate on-off systems can be used se lec t ive ly  throughout the 
I234 miseion phases so aa t o  achieve high perfonnance and r e l i a b i l i t y .  

Thue this 

A disadvantage of this technique 18 that the average 

Pulse Ratio Modulator 

The pulse r a t i o  modulator provides a constant amplitude, variable 
width, variable frequency pulse t r a i n  output with a duty oycle pro- 
port ional  t o  the -ut e r r o r  ei@. The output is applied thwugh 
the j e t  se l ec t  logic such that the subsequent vehicle reaction J e t  
torque nulls the irqp.ut e r r o r  signal. Since the  vehicle eesent ia l ly  
integrates  the applied reaction J e t  torques, I.#!., it averages the 
torque pulses, and since the modulator duty cycle is  proportional 
t o  the average applied torque, the pulse r a t i o  madulator w i l l  c losely 
approximate a l i n e a r  gain. This gain is  adjusted such t h a t  the 
system p o s i t i m a l  errors during thrust ing periods are l e s s  than the  
maximum allowable valuee. A possible disadvantage of the pulse 
r a t i o  modulator is that for  a l i n e a r  gain, w i t h  a minimurn pulse 
width of 6 msec, the aiodulator w i l l  operate a t  a BlraxirntaD frequency 
of 40 pps vhen a duty cycle of .5 is  needed. The frequency may be 
too high f o r  the reaction jet  system capabi l i ty .  

Pulse Width Modulator 

The pmrformance and operation of the pulse width modulator i s  
s imi la r  t o  the pulae r a t i o  modulator discussed above. 
the pulse arqplitude and frequency is  fixed, while the pulse width 
is varied proportional t o  the e r r o r  Input signal. 
system have s t a r t e d  and show prcarise of being as good as PR m o d u l a -  
t i on  performance-wise with a simpler design, 

I n  this system 

Studies on t h i s  

The dynamic performance of t h e  modulators is most c r i t i c a l  during 
the ascent phase and w i l l  therefore be discussed i n  more detai l  in 
section 5 .  

/- 
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Lunar Landing; Simulation 

Figure 4-4 shows a block diagram of E single  axis of the  lunar 
landing simulation presently s e t  up at GAEC. 
of a f’ull six degrees of freedan with canbined display and base 
motion, Only the Attitude Hold M o d e  has been flown t o  date but 
others are presently being programed. - 

The simulator is  capable 

4.2.2 

One s igni f icant  result t h a t  has been obtained is  t h a t  a single 
p a i r  of RC jets about each axis plus a t r i m  gimbal have provided 
sa t i s fac tory  control effectiveness. 
await data reduction and w i l l  be included i n  a subsequent report .  
A description of the  simulation itself i s  given in GAEC report  No. 
LED-570-1 “Detailed P m s i d a t i o n  Report f o r  Phase A Lunar Hover 
and Landing Simulation:, 4 March 1963. 

More deta i led  results must 

Case B - High Gain Gimbal Plus RC Jets 

Figure 4-5 shows a block diagram of th i s  configuration. Modes of 
operation, j e t  location, jet  log ic  and modulation schemes f o r  the 
RC jets are basical ly  $he same as for case A. The gimbal drive 
=qui-nts, however, are much m o r e  s t r ingent .  Details of the 
gimbal drive are discussed i n  Appendix C. The h p o r t a n t  character- 
ist ics are the following: 

Max dLsplaceruent = 12 deg 
= 0.5 rad/sec (28.6 de se ) 
= 10 rad/seG (573 de 6 3 7 Q  Be ) 

M a x  rate 
Acceleration 
Accuracy = 0.02 deg 
Gear t r a i n  r a t i o  
Parer required 

Drive mechanism w t .  
Gimbal. r ing weight 

= 1232 W peak 
D: I23 W average (assuming duty cycle - 16) 
P 42 l b s .  
= 40 l b s .  

The gimbal r a t e  was m d  on a requirement for a t  least 0.3 rad/sec 
for  control  system stability. 
study which w i l l  be described i n  sect ion 4.3. 
rad/sec must be limited sin- peak parer  increases t o  enornous 
values a s  gimbal rate increases. 

mi6 w a s  determined i n  a ccmputer 
The margin over 0.3 

(see Appendix C)  

The maximum deflect ion angle was %’&mined by nanina.lly s e t t i n g  
vehicle acceleration a t  10 dsg/sec w i t h  hover t o  touchdown ine r t i a s .  
This is the  minimum value for which the gimbal is at a l l  worth 
considering (roughly 1/2 the eapabi l i ty  of a pair of RC j e t s ) .  
Reducing the def lect ion angle t o  6 degrees, as in the  case of the 
t r i m  glmbal, makes the control gimbal p rac t i ca l ly  useless during 
hover t o  touchdown. 
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I. 

4.3 Caaparison Between Case i9 and Case B 

A canparison i s  made here between the two sys tem i n  question by 
discussing analog computer responees, gimbal requimments, r e l i a -  
b i l i t y ,  and crew safety. 

Analog Computer Study 

Figure 4-6 s h w s  a diagram of the computer simulation used t o  com- 
pare the two systems. The study was confined t o  four in-plane degrees 
of freedom; x and y vehicle t rans la t ion ,  absolute vehicle ro ta t ion  ' 

(F), and r e l a t ive  engine gimbal angle ( a ) .  
tude commands were s t u d i e d  without adding c.g, offeet .  The t r i m  
gimbal i s  therefore not included i n  the RC j e t  control system (Case 
A ) .  
i n  Appendix D. 
the e f f e c t  of c.g. offset  is  t o  impose a b ias  on the system. 

System response t o  a t t i -  

S t a b i l i t y  with the t r i m  gimbal present i s  t rea ted  separately 
For the gimbal plus RC j e t  control system (Case B) 

It has been assumed t h a t  the gimbal engine actuator  has the 
charac te r i s t ics  of a simple e l e c t r i c  motor. 
t o  the gimbal engine that,  a t  zero engine rotat ion veloci ty  ( 5  =0) 
i s  proportional t o  the engine e r r o r  angle (&- 6 ). 
available torque i s  equivalent t o  the maximum s t a l l e d  motor torque 
of the  e l e c t r i c  actuator. The "steady state" rotat ion ve loc i ty  of 
the unrestrained gimbal engine is proportional t o  the "steady s ta te"  
gimbal engine error angle. The maximum engine veloci ty  ( 8  max) is 
equivalent t o  the maximum veloci ty  of the e l e c t r i c  actuator.  

A torque i s  applted 

The maximum 

The following results w e r e  obtained from the study: 

1. 

2. 

3 .  

I n  the Case B sys t em the  RCS loop p~eduninates  when large 
e r ro r s  a r e  present. When error appmchea that value inher- 
en t  i n  the On-Off Rcs l i m i t  cycle, the gimbal control loop 
predominates and causes the steady s t a t e  e r r o r  t o  approach 
zero. The RCS loop is, however, a simple On-Off system i n  
t h i s  simulation eo t h a t  l i m i t  cycle perfonaance is  not 
optimum . 
S t a b i l i t y  considerations lead t o  the conclusion t h a t  it i s  
unnecessary t o  have high torque gimbal actuator  character- 
i s t i c s .  
3 rad/st?c?, w i t h  a lead-lag feedback network i s  adequate. 
The power required t o  de l iver  the needed torque f o r  a 3 rad/ 
sec2 acceleration is  discussed i n  Appendix C.  
Table 4-1 l ists  some response times under various conditions 
fo r  the two systems. ( I n  addition, as a matter of i n t e re s t ,  
same runs w e r e  made using gimbal control only. The resul ta  
f o r  these runs were very poor.) 

A moderate torque actuator,  providing ax- of 

It is  seen t h a t  when main engine thrus t  (F) is a t  i t s  maxi- 
mum, the  Case B system demonstrates considerable improvement 
i n  response time. A t  one t h i r d  maxim thrust ,  however, 
which i s  the upper end of the hover-to-touchdown thrus t  range, 
there  i s  l i t t l e  o r  no difference between Case A t i m e  response 
and Case B t i m e  response. 
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Gimbal Requirements 

A comparison of gimbal charac te r i s t ics  f o r  the Case A and Case 
B system8 is as follows: 

Parameter Case A Case B 

Max deflect ion angle 6.0 deg 12.0 deg 
Max rate 0.2 deg/sec 28.6 deg/sec 
Max acceleration ,035 deg/sec 10 rad/sec 

Gimbal Ring Weight 40 lb 40 l b s .  
Gimbal Drive Weight 

(including mdundant drive 22 lb .  42 lbs. 
un i t s  and electronics)  

Peak Parer 27 w 1232 
Av Power 6.8 w =3 v 

It is seen t h a t  the control gimbal of Case B has three s igni f icant  
disadvantages; (1) a large def lect ion angle i s  needed when C . Q .  

compensation and a t t i tude  control needs are sunned, (2)  extremely 
large peak power is needed when large vehicle rates are commanded, 
and (3 )  weight I s  roughly 20 pounds greater  f o r  the control gimbal 
drive mechanism. 

Rel iab i l i ty  and C r e w  Safety 

Although r e l i a b i l i t y  has not been investigated quant i ta t ively 
f o r  the two systems i n  question, it i s  obvious tha t  the  Case A system 
i s  more re l iab le  from a canplexity viewpoint, a l l  other things being 
equal. 
be performed. 

I n  order t o  verify t h i s  point, a E l i a b i l i t y  analysis w i l l  

A point  t h a t  must be considered related t o  crev safe ty  is  r i sk  
involved-in using a high speed gimbal veraus a very low speed t r i m  
gimbal. I n  tb la t te r  case there i s  time t o  take corrective act ion 
i n  the event of a run-away gimbal. With the high speed gimbal the 
t i m e  available f o r  corrective action w i l l  be extremely small a t  best. 
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SECTION 5. ASCENT THRUST VECTOR CONTROL 

5.1 

5.2 

Thrust Magnitude Control 

Ae explained i n  Section 3 a constant main engLne t h r u s t  l eve l  o f  
3500 lbs l a  used during the ascent phase. 
a l so  available fcr t ranslat ion along the main engine a x i s  (x-axis) 
yielding e i t h e r  200 or 400 lbs  af thrust ,  the l a t t e r  being on an 
emergency ur redundant basis. The following thrust leve ls  a r e  there- 
fare available during ascent. 

Reaction control  j e t s  are  

RC l eve l  = 200 lbs 
RC l e v e l  = 400 lbs 

. Main engine minus RC = 3300 lbs 
Main engine minus RC 3100 lbs 

Main engine only = 3500 lbe 
Fain engine plus RC 3500 lbs 
Main engine plus RC = 3900 l b s  

Selection of these leve ls  will be done by d i r ec t  switching. 
engine is turned on and off automatically by e i t h e r  the primary or 
back-up guidance sptegla. Manual override of the main engine w i l l  
also be provided for emergency s i t u a t i m s  . 

The main 

During n a r d  m n u d  operation i n  doc’king and i n  rendemous the R 2  
j e t s  a re  used. 

Appendix F summarizes the preliminary ascent engine specifications.  
An important problem area tha t  remains to be resolved la the thrus t  
l eve l  accuracy t h a t  is attainable. The accuracy presently specified 
is +lo, -I$ a t  the end of the duty cycle. 
ble open loop velocity change commands from guidance, which may be re- 
quired i n  the back up guidance system. 
system has not get been established this p r o b l e m  can not be properly 
pursued until a l a t e r  date. A possible so lu t ion  would be to  tighten 
thrus t  l eve l  predictabi l i ty  requiremnt s rather than r e d u c i s  thrua t 
var i a ti on . 

This would preclude possi- 

Since the back-up guidance 

T h r u s t  Direction Control 

Present plans a re  for  thrust  direct ion control  ( a t t i t u d e  control)  
during ascent t o  be obtained so le ly  by meas of RC j e t s ,  
cludes narmsl maneuvers plus cornpensatdon for 0.g. s h i f t ,  e t c ,  The 
use of a gimbalbd engine waa investigated b r i e f ly  but was excluded 
for  the follawing reasons 2 

This  in- 

1. Size of the gimbal would be prohibit ive i n  the ascent 
stage . 

2, The same RC j e t s  t h a t  are used i n  descent are used during 
ascent. The control  tcrque avai lable  is  therefore more 
than ample s ince  vehicle ine r t i ae  are much lower. The 
torque and torque impulse requirments  given i n  Section 
3 are  wel l  w i t h i n  the capabi l i ty  of the RC j e t s  alone, 
The poss ib i l i t y  a l so  exists of using the RC je ts  as an 
unbalanced couple for  c o g .  coqensat ion.  
probably complicate the j e t  logic,  however. 

This would 
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3. It is f e l t  t h a t  a reasonable ba lame can be mde between 
fue l  managamnt techniques for U n i t i n g  cog. t ravel ,  end 
RC fuel  required f o r  cog. offset compensation, so t h a t  
overa l l  weight with wd withaut a t r i m  gimbal i s  not 
grea t ly  different. 

The last i t e m  i a  presently undergoing carefu l  scrut iny i n  a general 
weight die t r i b u t i  on s tu@. 

The ascent t h r u s t  vector control  system w i l l  therefore be bae iaa l ly  
the 881118 a s  that pictured i n  Figure 4-1 i n  Section 4 with the t r i m  
gimbal loop deleted, For c l a r i t y  the diagram i s  redrawn i n  Figure 
5-1. The same modes of operation are available as i n  the descent 
configuration, and the remaining partions of the system r e t a i n  the 
sane character is t ics  w i t h  the exception of forward loop gain. A t  
l e a s t  one gain change will be required over the f i n a l  descent gain. 

CCNTROL DYNAMICS 

There are  f ive  basic considerations t h a t  w i l l  determine the select ion 
of any reaction j e t  control system for the L E M  vehicle. They are% 

1. Duty Cycle (D) - r a t i o  of the je t  on t h e  and limit 
6 cycle period. 

Residual Rate ( A 0 ) - r a t e  a t  which vehicle drift8 
during limit cycle operation. 

. 
2, 

3. Maximum Angle of Excursion ( O M )  - maxhum value af 
a t t i t ude  excursim about so= n e d n a l  duriPsg limit 
cycle operation. 

4. Capabil iw to control Large moment unbalances, and 
resu l t ing  jet  pulse frequency. 

5. Transient Response. 

'Also of in t e ree t  is the range of r a t e  gain (KR) which i s  in te r re la ted  
with the f i r B t  four items above. 

A computer study was mde of the ascent autopilot to determine steady 
s t a t e  limit cycle response and response t o  a steady s t a t e  disturbance 
torque of 250 ft-lbs,  The la t ter  case is approximtely the distur- 
bance tha t  r e su l t s  from a one i m h  cog. o f f s e t  during ascent engLne 
thrusting periods, 
Section 4 were compared with these c m d i t i o n s  imposed. D e t a i l s  of 
the study are given i n  Appendix D. The important conclusions that 
were reached are the following: 

The four pulse modulator techniques described i n  

1. Both the PR modulator and the FW modulator can meet 
the limit cycle residual r a t e  rgquirements during 
rendezvous and docking t h a t  
provide l a w  valuee of D and 8m (see Table 5-l), 

(0,s deg/sec and 

- 
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2. 

3. 

4. 

5. 

6. 

The PR mdulatar appears t o  offer s l i g h t l y  bet ter  limit 
cycle performance throughout the mission. Both require 
two gain changes durirg f l i & t  (addi t ional  analysis re- 
quired on IWM to confirm this e s t i m t e ) .  

Both moddators exhib i t  good l a rge  angle t ransient  re- 
sponse characteria  tic^. 

Both modulators e f fec t ive ly  coa t ro l  large moment un- 
balances, 
about QAv w i l l  be smaller using PRM than FWMo 
because of a s ign i f icant  deeretase i n  RC j e t  spec i f ic  im- 
pulse a t  shor te r  pulse widths, w e  of a pulse width modu- 
l a t o r  w i l l  reduce RCS propellant consumptian durixg pow- 
ered ascent by approx5.mateI.y 50 b e  ( f o r  a constant 250 
lb-ft moment unbalance) . 

The a t t i t u d e  osc i l la t ions  duriIlg limit cycle 
However, 

Use of Pulse Width modulation is t en ta t ive ly  r ecomnded  
f o r  E M  f l l g h t  control system, with PRM as the a l te rna te  
choice . 
Analytical studies a r e  in process to  confirm that e PW 
modulator frequency change need n d  be mde during night. 

In addition to the above study, a preliminary study of the f u e l  alosh 
problem during ascent ha8 been made. The resu l t s  af thia study a re  . 
given i n  appendix F and are b r i e f l y  aunrnarized as follows: 

1. Fuel slosh coupling with FCS &namica is significant 
but stable.  

2, Baffles are more effect ive than bladder8 i n  the ascent 
stage fuel tank8 f o r  reducing slosh effecta. 

3. The time response of the system t o  a s tep  command i s  
tha t  of a w e l l  damped r i g i d  body mode with a l l g h t l y  
damped, small ampUtude sloeh mode superimposed on it ,  

CONTROL ACCURACY 

Control accuracy during aacant has been t e n t a t i w l y  established a t  
+ 0.2 degree during ascent. Ths reason fo r  re laxing from + 0,l deg 
1s t h a t  if 0,l deg is used the control loop may require  m$e complex 
compensation ne tuorka i n  the presence of  large steady s t a t e  d i a  tur- 
bances due to  cog. s h i f t o  It is questionable however, whether t h i s  
e r ro r  can be allowed from a guidance viewpoint. 
gation deems i t  necessary the requiranent may have t o  be tightened 
t o  + 0.1 deg. 

7- 

If fur ther  inves t i -  

- 
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Another cornideration here is  t h a t  t he  actual  t h r u s t  d i rec t ion  may 
be misaligned by a#  mwh as 0.5 deg r e l a t ive  t o  the mgim reference 
line, or x-axis of the vehicle. 
to sense undesired c r m s  axis accelerations due to this misalignment 
and provide corrective a t t i tw le  commands t o  compensate far i t ,  

It i s  considered a guidance function 

DOCKING SINULATION 

A docking simulation was performsd a t  NAA, Columbus using the s y s h  
representation shown i n  Mgure 5-2. 
6 degrees of freedom by mans of a v i sua l  display. 
f ixed based. The simulation and i t s  r e su l t s  will be described i n  de- 

The simulator provided B f u l l  
The cockpit was 

t a i l  i n  a 

1. 

2. 

3. 

40 

5. 
6. 

fcrthcoming report. So= of the  ear ly  r e s u l t s  a r e  a s  follcrws: 

A desirable system r a t e  response t h e  is 0.2 seconds. 

Direct on-off a t t i t ude  control is very undesirable f o r  
manual control whereas d i r e c t  minimum impulse is s a t i s -  
factory. 

Direct on-off t ranslat ion control  i s  sa t i s fac tory  fo r  
manual docking. 

Docking maneuvers were performed s a t i s f a c t o r i l y  with 
RC j e t  f a i lu re s  and with open r a t e  and posit ion feed 
back loops (i.e., both open together). 
not compensate f a -  an open r a t e  loop only for  any ex- 
tended tim period. 

The p i lo t  could 

Docking can be perfornred by using only visual C ~ S .  

A trapeze docking device is preferred by p i l o t s  in 
malfunction situations.  

Further data reduction is needed t o  determine such items as  the rela-  
t ion between t rans la t iona l  and ro t a t iona l  motion. 
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SECTION 6. ABORT CONSIDERATIONS 

This section w i l l  not be available unti l  a subsequent version of the 
thrust vector report i s  released. 
straints to the FCS is given i n  Section 3. 

A brief statement on abort re- 
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SECTION 7. CONCLUSIONS AND RECOMNENDATIONS 

The p r h r y  conclusion that is reached in this report  i s  tha t  
Reaction Control j e t s  working i n  con$.mtion with a very slw r a t e  
trim gimbal ui11 meet the thrust vector control  requirements during 
the descent phase of tfie missim. The important reasons t h a t  sup- 
port  t h i s  conclusion are  the f ollowdngr 

1. A single  pair  af RC je ts  w i l l  meet the control  torque 
requirements for a normal mission i f  a slow r a t e  t r i m  
gimbal i s  used for cog. trlas. 

2. The only tim t h a t  la rge  a t t i t ude  maneuvers a re  needed 
while t h r w t i n g  i s  durilg hover t o  landing. This is the 
time rhen the gimbal ia l e a s t  e f fec t ive  s i m e  thrust is 
close t o  minimum, ar conversely very large gimbal angles 
would be needed t o  make the gimbal effective.  

3. A maximum of 6 degrees def lect ion i s  considered practical .  
An estimated 3.5 to  L.5 degrees is needed for  cog. t r i m .  
This leavea very l i t t l e  for a t t i t u d e  control  torque 
augmentation. 

4. RC control  torque can be doubled f o r  possible "hard over" 
t e r r a in  avoidance maneuvers cr abort  maneuvers by employing 
the redundant pa i r  of j e t s  tha t  i s  available about any one 
axis a t  a time. 

5. T b  N g h ' r a t e  gimbal actuator is 20 pounds heavier than 
the t r i m  giglbal and requires  45 
(1200 watts VB. 7 watts) ,  and roughly 18 times a s  much 
average power, 

times as  mwh peak puwer 

6. Although a quantitative r e l i a u l i t y  analysis  has not been 
completed, the high r a t e  @EM is more complex s ince i t  
needs servo loop electronica. The t r i m  actuator i s  a 
simple on-off device and i s  therefore more reliable.  

7. The possibi l i ty  of a run away gimbal presents a mwh 
greater crew safety hazard with the high speed gimbal 
(20 deg/aec) than the law speed t r i m  gimbal (.2 deg/sec). 

For these reasons the system designated a s  case A i n  Section 4 is  
recammended f o r  the LElil vehkle .  

It vas a l so  concluded that hover t o  touchdown maneuvers and abmt 
maneuvers are  t he  p r i m r y  fac tors  t h a t  determine the m a x i m  torque 
required f o r  th rus t  direct ion control. 

During ascent the pel iminary conclusion i s  that the RC j e t s  can pro- 
vide the th rus t  direction control  requirements, provided a gain change 
i s  made. 
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SECTION 8. FUTURE WORK 

The following areas w i l l  be investigated and will be discussed i n  the 
next th rus t  vector control  repmtr 

1. 

2. 

3. 

4. 

50 

6. 

7. 

8, 

9 .  

LO. 

Optimization of con t ro l  @mamica. 

Detailed designs of RC j e t  l s i c ,  th ro t t le  serve) gimbal 
drive unit and RCS modulator. 

Interface with N & Q a8 well as other s&systtema. 

Requiremen t s  for automatic land- 

Descent slash cb.namice . 
Main engine flexure modes. 

Abort aspect8 of thrust  vector cont roh .  

Detailed resu l t s  of simulation programs. 

Control and display aspects of thrust vector control. 

+cheek Plight  Control design f o r  a 28,000 lb. vehicle and 
i t s  corresponding inertias. 

I n  addition, it is hopedthat  many of  the areas t ha t  are prel iminary i n  
this report  w i l l  be finned. 

* .  
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APPEND= A 

HISSION FROFIIE 

Tables A-1 and -2 provide the d e t a i h d  FCS r e q u a m e n t s  and se- 
quence of events in term of a no la id  Qksaim profile.  It i s  emphr- 
sized tha t  this prof i le  I s  very p . e l W n a r y  and subject to change, 
purpoae of presenting it i s  t o  offer a t yp ica l  op rak iona l  profile for 
tha FCS. 
in which the Cs)I rewaine from scparaticm u n t i l  dockirg, Ths mission pro- 
f i l e  pictured i n  the table ,  starta a t  t = 0 - a t  saparation. Except for 
the flare and hover phase,  a cmstant th rus t  of 8800 lba. was aersPueed 
fo r  the nominal dsscen t t r a j ec to r ib r  . 

lplb 

The present noa3irull mission bcludes an 8on.d c i r c u l a r  orbit, 

Descent: The LEI4 separates 100 ft .  fmm the  CSPI within 78 see. 
The vehicle is given an initial Ar of 1.3 fp i n  the negative x di- 
rec t ion  and is then allowed to coast fo r  an addi t ional  94 ft. A V  
of 1.3 fps  i s  then applied in the posi t ive x-d3rectLon. At the termha- 
t ion  of this phase the IEH is 100 ft, displaced from the CS! and i a  bav-  
cling a t  a zero relative velocity in 8p 80 n o d  c i rcu lar  c rb i tb  In order 
t o  align t h e  t h rus t  a x i s  (x axis) t o  the local ver t i ca l ,  a 90 negative 
p i t ch  cownand Is given. Both mprat ion and p i t ch  I s  achieved within 2 
min. 
dures befor6 b J e c t i n g  i n t o  synchronous orbi t ,  
jets w i l l  be nscessary to maintain the x axis along the l o c a l  vertfcal. 
Separation was achieved with  two react ion j e t a  (100 lb. ab thrust per 
j e t )  as waa the pitch ~~gneuver,  

A 

The astronauts are nQlr a l lo t ed  8 lnin for necessary checkout pkoce- 
Pulsing the reaction 

Various preliRlinaxy computer s tudies  were conducted for several 
synchronous orbits using c i rcu lar  o rb i t a l  a l t i t udes  and pericynthian 
a l t i t udes  a s  parasatere. For a CSM o r b i t a l  a l t i t uda  of 50,000 f t  the 
Av required f o r  i e c t i o n  i n t o  synchronous o r b i t  i s  375 fpa. 

¶.'he burning t iare for in jec t ion  is appraxlrnably 0.466 minutes. 
During this time the orientation of the thrust axis is chsnged by 4' 
to a t t a i n  the paper thrust directiotr, 

A t  the present time there is a trade-off study of synchronous 
orbit v8. fully parered descent. The biggest  draw-back f o r  f u l l s  
pwered descant 8ee1~a to  be the low c i r cu la r  o r b i t a l  a l t i t u d e s  tha t  
Vi11 be necessary in order not t o  exceed the Av rsquiraaent. A 
nominal a l t i t u d e  fag thb condition turns out to be approximately 
ho nomi. Thia w i l l  place an addi t ional  requirement on the CSn plus 
i t  will add a t i gh te r  launch dndow requiremart, 
tagea of the sgnchrmoua arb i t  approaa is a longer flight t iare  and 
an unfavcarabls UX lead argle (asmmhg injection on dom-side of 
synchronous o r b i t  and i n i t3a t i an  of powered &Went a t  pericynthian), 
The nominal missions l i s t e d  i n  Table #A-1 uses the synchronous orbit 
type of descent, 
include one caonplete coast  i n  sgnchronoue a r b i t ,  Huuever, fa v iew of the 
fact that the mission pro f i l e  is sull open to changes, the attitude can- 
straints during ume ccuplete coast in synchrana~s o r b i t  WAS also consid- 
e-. Iaection into syn~h. &it occurs a t  poiat (1) (refer to  synchro- 
nous -it diagrsaa ia 

The miin disadvan- 

The nasrinal lnission p r e s e n t l j  conaidered W e  not - 

#-&), a t  point (2) tbe vehicle requires aa 
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approximate pitch of 95' t o  align the s axis with the local ver t ical  
and the thruet axis opposite the fl ight path. 
reached there w i l l  be flee land aerk siting8 of 8 dUr8U0n of 5 rain- 
Utes per siting. Minimum liaeit cycling i r a  required chring sitings. 
Pulsing of the RC jets w i l l  be required to maintain thb s a x i s  alang 
the local vertical. A t  point (3),  the situatlan arise8 which requires 
a maneuver t o  p o t e c t  the LM ) i k m  facing either the 
sun or lunar reflections. The following is the necesarary sequence of 
events to  saklsfy the sun constraint and a t  the 8- tinm avoid ginbal 
lock. FIFat m11 by 90 . 
point (4) it will rotate through 1800 w/r to  inertial space but remah 
in the same att i tade w/r to the lunar local vertical. 
achieved by a single coupled pulse, about Z, that w i l l  provide 180' 
rotation in approximately 60 lninutea. From point (4) t o  point ( 5 )  the 
vehicle w i l l  maintain its pasitions v/r t o  iner t ia l  space f o r  sightizg 
on two stars f o r  updating the WU. During this obeervation t i lab (10 
min.) minimum limit c y c l i n g  will be reqdred. Durirrg thin pied IEPI 
w i l l  pass through a lunar central angle of appraxisately.31 . A f t e r  
the IMU has been updated, I E M  m u s t  be r d m t g d  to observe tuo Lend- 
marks, for updating the synchronous orbit. Aga9  to avoig gimbal lock 
i t  is neceseary to first rol l  a& then pitch -90 and *31 
From the s t a r t  of aynchrancus arbi t  upciati= to initiatim of powered 
descent @peri, the vehiol$a attitude u/r t o  the local  vertical can be 
maintained by a single coupbd p Before ini t ia t ion of 
povered descent an additional hog negative pitch ia required. A t  
point (6) 
powered descen to  

Before point (3) is 

( & 

Uhils IEll is traveling f'raa pofcnt ( 3) to 

T h t  can be 

re8pectimly. 

se about Y. 

is a t  pericynthian in its proper orientation to i n i t i a t e  

The phase lead of IE24 u/r to  the CSM ( a t  pcricgnthian) makes t h i s  
point unfavorable for starting puwered descent. "bere are a few studies 
which are presently beirg conclucted t o  e l i d m t a  this phaae prDblsm; 
of the trade-offs presently under consideration are ini t ia t ing pclwered 
descent before pericynthian and Injection into synchronow orbit an the 
up side rather than the dawn side. 

Two 

For the f i r s t  320 8ec of powered descent the thrust  i s  kept con- 
stant and the  alt i tude drop *om 50,oOo f L  down t o  approxirsbly 
2,000 f t ,  
the thrust varialdons 3.8 app3mxSmtel.y S t l .  
hover phase fran an alt i tude of loo0 ft. 
dawn a l l  the way to  hover. 
approximately &ZO sec. 
as much as 180 

In the mxt 36 see a flare maneuver is performed i n  uhich 
Ths XI4 mxii s t a r t s  i t a  

Eseentially UM w i l l  be belly 
Hover to touchdam ehould be completed i n  

During this ti= i t  might be required to r o l l  , f o r  proper radar coverage F i a r  ta lift-off, 

Ascmtr 
the prericmr table for descmt, 
ia vertical. 
Presently there are s t u z e a  being made to increase the radar coverage 
and in turn eliminate the r o l l  ~ ~ ~ n e u v e r ~  neaussary to satis- the present 

Table &-a provides sindlar inform tion for ascent a8 did 

A r o l l  of + 90* 
Fcx the f i r a t  17.4 sec the thrust vector 

be required for full radar coverageo 
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radar restraint, I E M  is then itched a t a corn tant rate of' 1.02 deg/mo 
for 85-6 sec. The attitude w/$ to the local har iza ta l  
tained for the remaining burnkg period (approximately 2 
transfer is achieved imraedataly after burnout (356 setc From l a d ) ,  
If a ~0,OOO ft parking orbit is desired, burnout will occur between 350- 
356 sec f r o m  launch. 

During the e n t i r e  tranafer it is desired to have the Lo5 aligmd 
with the x axis  at all tinea, ? t h i m m  l i d t  cycles w i l l  be reqdred. 
A t  the start of Hohmann, a rate? command aC 5 deg/sac will achieve the 
necessary attitude after 13.6 mc, 
will require a few coupled pula88 i n  order to saintain the 41 pXi6 align- 

Tim remainder of the transfar mbft 

m e n t  with the LOS. 

Trade-off' atudies ore being mde t o  determiIm an optimum range to 
start rendeavous, 
It seems that 20 n.mi is optiarPar fma a radar standpoint, Rendetvorrr, 
as presently planmd, will be acconrpllshed through the use of reactim 
j e t e  only. 
ing velocity to less than 500 ft, and 3 fps, reapectlve~ly. 
x axes are subject to a number of attitude constraints dmiq  this m i S -  
sion phase: 

Tbb ranges under consideration are 40, 30 and 20 nasi, 

The jets will be wed to reduce the relative range and clos- 
Ths I Z M  % and 

1, 2 a s  constraints: 

a. continuous aligment with IDS to CMo 

b, inertially fixed u/r to atars  to fadl i tate  a manual- 
visual rendesvow . 

2, x axis must be narraral to the ILB angular rate vector in 
order to null t h i s  r a t e  by ueinp only x axis reaction je ts , .  

A t  this time not m=h can be said for docking for nnrch of the con- 
straints w i l l  be d e t e m b d  from sirnulatian data. However, one aaajor 
constraint that i s  presently be= conaidered i s  t o  require a midmum 
impulse as law as 0-2 lb-aec/per jet, 
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APPEM)IX B - Rc JET LOCATION AND LOGIC 

REACTION JET LOCATION 

"he reaction J e t  arrangement shown i n  Fig. El made up of sixteen 100 
lb.  thrusters has been selected because it offers  cctnplete redundancy, l e  
least vulnerable to  damage, and hes~good cohtrol response f o r  all modes of 
operation. 

The arrangement presented in the LEM proposal (Fig. 1) positioned the 

However, since the forward docking hatch a l so  lies on 
sixteen (16) thrusters in  f o u r  groups (o r  qmds) of four each oriented along 
the principal axes. 
a principal area, and because of the proximity of the LEM windows, the four 
thrueters  i n  t h i s  area cannot be designed 86  a single un i t  and must be 
separated. Problems associated wlth th i s  arrangement are: 

1) Complex l i n e  ~une armnd pressure cabin in area of windows. 
Possible thrust  degradation of the one remote thruster. 

2) Thrusters under docking hatch extremely vulnerable t o  possible 
damage during docking operation. 

3) Rockt  exhaust mar window area. 

4) 
The revised configuration (Fig. El)  ro ta tes  the thrus te r  groups 45' 

about the r o l l  ax i s  but keeps t h e i r  orientation along the principal axea. 
This configuration removes the thrusters frcrm the area of the windows and 
t h e  forward docking hatch and permits the design of four ident ical  quads. 
These units can a l l  be located well above the separation plane and will 
also permit removal of the  length of the forward docking hatch t h a t  was 
provided fo r  nozzle clearance. 
of a modular type system w i l l  now be possiblc. 

Nozzles extend below ascent stage separation plane. 

Also, f'urther studies as t o  the feas ib i l i ty  

Propelhnt  Requirements and System Performance 

A comparison of propellant requirements between present and revised 
thruster locations has been =de on a common s e t  of ground rules, 
general ground rules are listed i n  Table El. 
requirements is  tabulated i n  'Bible B-2. 
E 3  fo r  the varicus types o f  operations, e.g. l i m i t  cycle, maneuvers, etc. 
As  can be seen, an additional 17# of propellant are required f o r  the new 
orientation. 

The 
A summary of propellant 

A canparison is  given i n  Wble 

"his represents about a 5$ penalty. 

I n  cmpi lDg  system perfomnce,  certain advantages are obvious with 
the revised location of thrusters. 
cycle) i s  improved because of the shorter rnaPnent arms. 
shorter m-nt -,'higher control torques about each of the axes are a lso  
available if desired, by f i r i n g  two paixarather than one i n  any given direc- 
t ion.  For a one quad failure mode of operation, ccmplete rotat ional  control 
i s  s t i l l  attainable with the revised configusation, since couples are s t i l l  
available. Translational performance for either configuration i s  identical. 
I n  Table B-4 a re  l i s t e d  the advantages and disadvantages of the 4 5 O  mounting 

Minimum impulse b i t  control ( l l m i t  
I n  s p i t e  of the 

- 
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ROTATION 

Pi tch Up About Y-Y 

Pitch Down About Y-Y 

Yaw Right About Z-Z 

Yaw Left About Z-Z 

Roll  CW About X-X 

R o l l  CCW About X-X 

THRUSTERS 
USED TRANSLATION 

2 ,  5 o r  9 ,  14 
2 ,  5 + 3, 14 

+ A l o n g  z-z - Along z-z 
1, 6 or 10, 13 
1, 6 + 10, 13 

1, 14 o r  5 ,  10 
1, 14 + 5 ,  10 

+ Along Y-Y 
- Along Y-Y 

8, 16 o r  3, 11 -t Along X-X 
a ,  16 -t 3 ,  11 

7, 15 o r  4, 12 - Along X-X 
7, 1 5  + 4, 12 

12, 16 
4, 8 

2 ,  10 or 6, 11 
2, 10 + 6 ,  14 

1, 9 o r  5 ,  i3 
1, 9 + 5 ,  13 

9 
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1. 

2. 

3. 

4. 

5. 

6. 

7.  

8. 

9. 

10. 

* 

Minimum impulse b i t  = .6 lb. sec. (each j e t ) .  

Wneuvers performed by accelerating for half t h e  and decelerating f o r  
half the. 

fSp 2 300 sec. (continuous) or 260 m e .  (pulsing). 

3500 in- lb ,  mcanent unbalancre continuous about pitch and yaw f o r  
complete powered ascent phase. 

30 sec. translation prior to  touchdown, 

V = 330 ft/sec. *an rendezvous t o  docking (translation). 

steady-state thrus t  equal t o  loo# (each jet) .  

All moment arms equal t o  6.67 f't. f o r  orthogonal mounting. P i t c h  and 
y a w  moment ana6 equal to 5.5 ft. and r o l l  mament srms equal t o  5.0 ft. 
f o r  4 5 O  mounting . 
All operations performed assume4 pairs of jets operating. 

Limit cycle times were cclmputea neglecting control system parameters 
(longest lhit cycle periods a t b i a a b l e ) .  

Specific ground rules are tabulated under remarks on mmrmary sheet. 
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25-33 

3.5 - 79 

152.33 

96-08 

8. oo 

m. 53 

298.00 

450 hbuntiw 

19.93 

17.84 

152*33 

ut;. 50 
8.00 

314.60 

315.00 
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Advantages* 

1. wires a d increase in pro- 
pellant (about s$). 

2. 20$ Less toriplfag ability. 

3. Arring parered ascent c m  provide 
tomping corrections for as much 
as a 7.54" C.G. shift as canpred 
to 1.57" fos orthogonal maunting. 

h r t n g  powared ascent can provide 
torquing eorrectiona, during 8 one 
quad failure mode, far 86 much 8s 
a 3.77" C.G. shift as ca3npared to 
2.29" for orthogonal mounting. 

4. 

5 .  Allows caslplete ro ta t iona l  control 
during a one quad failure mods?. 

* empared t o  orthogonal maunting.  
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Si- DO finu requ-t baa 'baen established for additional %Axis 
tbrusters, they are not presently plsnrzed. 

If these thrusters axe raquicod, cbey c8n be impluwmted at a later 
date sinee they w i l l  be idmtiaal to those now being conaidered. 

ENG-71 
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Since the rate of such a syeten~ is so low, en open loop control systen 

The motor  d r i v i n g  through 8 gear 
can be used, 
amplifier that drive6 8n lnhction motor. 
t r a in  that includes a letjd screv dll position the giarbal to an accuracy 
equal to the threshold of the relay amplifier. 

The aystenl (See Mg. C-IA) cotmists of a phase sensitive r d s y  

k n u a l  tripp will be available. 

tK)fyTBDL SYSTai 

A simplified block diagmm is shown in Fig, E l  and the foJlowhg egua- 
t i o n s  define the systerm Pespnse. Tbe summy of to- is, 

where L, = control torque 

= disturbance torQues 

Ja = gimbal and engine inertia 

6 = g-1 angle 

Fropn the block diagram, 

It mst be IWUUU- thst this sya- operates in parallel w i t h  the RCS 
control loop, 
4 . The response of the integnted system is discus& in Sectidsl 

A prelimin8,ry stability analysis is discus@ In Appendix D. 

The t r i m  gimbsl travel limits b v e  been set to 2 6' based on predicted 
c.g. shi f t .  Although the actual c.g. history is expected to be such that no 
mupe than 
preclude any future difficulties, If Later studies show that less ang3.e is 
required the giabal. stop limits can be cbnged. 
system will meet design re l iabi l i ty ,  it aould be d e e l . x ~ U ~ ~  to limit gimbal 
angle such that a runawty can be overpowered by R.C.S. 

h0 of gimbal angle vlll be repired, a margin of 50% was added to 

Although the gimbal contpol 

E N t . 7 3  
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Figure C-1A. Trim Gimbal Control Block Diagram 

Tra in  2 -b Screw + Engine 

Figure C-1B. Trim Gimbal Control 
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Fre1h;lnarY studies of probable c.g. histories lndioate that s gimbal 
rate of 0.20/8eC. is mom than adequate. Al- tkhe studies shtnlr thst 
O.lo/sec. io required, the UMXrtainty of c.g. motion wzlich is W g -  due 
to me1 flow dictate a 0.2O/sec. rate. TM higber mate w i ~  a m  for B 
lighter motor  duty cycle rpaking far gres- reliability, 
cmpatible w i t h  the required acar;raqr. 

This rate is also 

TBIM GIb(BAt RlzxzmIQ3 
The t r i m  gfrabal positioning resolution has been d e t e m i n d  on the Msis 

of limited sharing of RCS povw for c.g. mission. In order to limit bias to 
less than 54 of tote3 ~ e a c t i o n   et pwr, the positioning resoht ion muat be 
,f 1.5 millipadians as shovn in Fig. G2. Tbe preliminary s tab i l i ty  analysis 
sham that the system can be stable uith a &EUI band as 1m as .a*. 
though studies will take into account n o n - l i t i e a  aad PgDdau dfstVbEtLlcet3, 
lbn position+ng problems m-e anticipated. 

a- 

!Fhe model sham in Pig. C-3 i s  used to establish the torque requirement 
for the gimbal drive. 

= gimbal angular displacement 

F = m a t  thrust 1-0 - lO,’jOO# 

Jr = (engine inertia) = 70 Slug-ft.2 

IC, = Fuel line restraining coastant = ft- lb 
rad, 

L = 250 = 26.4 f t - lb .  
57.3) 
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Although the steady s t a t e  ax ia l  loading is  approximately 134 pounds, 
the peak loading can be 3 times t h i s  much due t o  dynamic loading and 
column flexure. The column flexure loading is the r e su l t  of increas- 
ed f r i c t ion  a t  the close tolerance lead s c m  threads and the dynamic 
loading i s  the force applied due t o  changes i n  the kine t ic  energy of 
the engine ( thrus t  l eve l  f luctuation).  For the above s ta ted  reasons 
the peak power is  estimated t o  be approximately 27 watts. 

OVEItsHCXXC 

The overshoot can be approximated by  assuming braking capabi l i t ies .  

Kinetic energy of  motor and gear t ra in .  

J - J .f ‘Q2J., = 7.5 x low6 Slug-ft .  2 

(K.E.), = -2 1 2 1  JU = (7.5 x i o  -6 [(~ooo) 2 

(K.E.), = $ (70)(.0035)2 = 4.4 x 10 -4 f’t-lb-rad. (neglect) 

2 m 
= ,655 f t - ib-md.  

Kinetic Energy of gimbal and engine 

Assume 25$ braking power 

L F? .$ = ( . 2 5 )  K.E. 

, assuming 255 efficiency -n screw = E  

p 6.2 x rad. (overshoot) 

- 
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Mechanization 

Although a d e t a i l e d  design ana lys i s  i s  required i n  order t o  de t e r -  

The weight of each ac tua tor  
mine t h e  ac tua tor  configuration some general  remarks can be made about 
mechanization at t h i s  time (see Fig. C-11). 
is estimated t o  be 9jf. 
f o r  each ac tua to r  should weigh about 4 pounds per ax i s .  

The control electronics which i s  redundant 

Motor redundancy can be achieved by dr iv ing  through a planetary gear 
train. Further,  i f  back l a sh  i s  a problem, t h e  brakes can have a m i n i m u -  
energy s e t t i n g  so that t h e  gear t r a i n  i s  always preloaded. I n  t h i s  case 
4 motors w i l l  be requi red  per ac tua tor .  
complish the  same genera l  e f f e c t  except t h a t  c e r t a i n  types of motor f a i l -  
ures w i l l  l e a d  t o  back lash i n  t he  t r a i n .  The lead screw can be i r r eve r -  
sab le  @ t h e  expense of power. 
qui re  a higher energy brake. 
acme thread w i l l  probably be used. 
estimated. 
r a t i o  (N) is.12 X 10 

Two revers ing  motors can ac- 

On t h e  o iher  hand, a b a l l  screw would re- 

If t h e  m t o r  4- speed is  assumed t o  be 4000 rpm, t h e  gear 

With a low power system such as t h i s ,  an 
Some of t h e  mechanical parameters me 

8 
rad7rad. 

Ind ica to r s  

Since it appears desirable t o  have a gimbal angle ind ica t ion  i n  t h e  
crew compartment, a pos i t ion  ind ica tor  can be driven by t h e  ac tua to r  
gearing t o  y i e ld  a s i g n a l  t o  the  instrument. 

1.ianual t r i m  inputs  w i l l  be implemented f o r  i n i t i a l  s e t t i n g  and 
manual override.  

C-2 At t i tude  Control Gimbal 

Because of the  response and accurac i  requirements of an a t t i t u d e  
c o n t r o l  gimbal, t h e  con t ro l  must be a feedback system with a constant 
speed motor dr iv ing  t h e  gimbal th ru  a clutch.  The c lu t ch  is  required 
s ince  The system t i m e  constant m u s t  be sho r t  ( T = O . 3 ) .  If an a t t i t u d e  
gimbal i s  t o  be used, it w i l l  work i n  conjunction Tiith t h e  R.C. Sub- 
system. I t s  input .c.tould be i n  p a a l l e l  with t h e  RC:', input and be con- 
f igu red  as shown i n  Figure C-4. 

Control Loop 

The con t ro l  loop block d i a g r a m  is  e s s e n t i a l l y  t h a t  shown i n  I"G 1 1  ure 
c-4. 
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The gFmbal displacerrtent i s  

The analysis for this system is discussed in Appendix D .  
analysis indicates that the glmbal rate must be greater than 0.3 rad/sec. 

The 
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Figure C-4. Attitude Gimbal Control System 
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solving for 'A, 
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I n  we assume t ha t  higher order terms are small, the qquation becomes: 
I 

l aere  
Figure C-6. 
f o r  t h i s  design. 

is the desired vehicle ra te .  
A mean operating maximum of A. = 0.5 rad/sec has been chosen 

The equation is plot.ted i n  

Gimbal Displacement 

Gimbal displacement as a fract ion of vehicle acceleration and descent 
engine thrust  is  shown i n  Figure C-7. For the gimbal control t o  be a t  all 
worthwhile it sh2uld be capable of providing vehicle acceleration of at 
l e y t  10 deg/sec 
f t  . T h i s  means a gimbal displacemnt of about 1.5 degrees a t  f u l l  thrust .  
Hoirever, during hover t o  landing operations the thrus t  level will be more 
l i ke  2000 lbs. ,  i n  which case gimbal deflection must be 8 degrees. 
t h i s  approximately 4 degree6 must be added fo r  c ,g .  compensation making 
the t o t a l  deflection l.2 degrees. 

with a hwer  t o  landing vehicle i ne r t i a  of 6000 slug - 

To 

The steady s t a t e  positioning accuracy of t h i s  gimbal m u s t  be an order 
of magnitude be t t e r  than 0.1 degrees which is  the nominal vectoring ac- 
curacy fo r  thrust. The accuracy has been selected on the basis of steady- 
s t a t e  bias  on the reaction control power time sharing t o  be 2 miliradians. 

Mechanization 

I n  order t o  achieve the low time constant, the actuator must have a 
constantly running motor with a controlled clutch output. 
t i tude  gimbal requires high positioning accuracy, very l i t t l e  backlash is 
a requirement. The use of two clutch drives, one f o r  each direction, w i l l  
eliminate t h i s  problem (see figure C-8). A double nut on the lead screw, 
be it ball-screw or acme thread, should bring the backlash t o  acceptable 
limits. The actuator w i l l  consist of 2 motor-generators (generator used 
f o r  r a t e  F.B.), a position feedback transducer, 4 clutches, a lead screw 
and all the associated gearing. 
used on the service module gimbal d r i v e .  
a l ternate  drive system must be energized. 
mated t o  weigh 18 pounds and the associated electronics m e  estimated t o  
weigh 8 pounds per actuator. 
p i t .  

Since a n  a t -  

This un i t  would be similas t o  the uni t  
In  the event of fa i lure ,  the 
The actuator assembly i s  e s t i -  

Gimbal angle w i l l  be displwed i n  the cock- 
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APPERDIX I) 

Trim Gimbal Itymmics 

This appendix w i l l  be submitted sepasately a s  an addendum i n  order 
t o  prevent  la^ t o  the report. 
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APPEXDlX E - RC JET CHARACTERISTICS 

The following curves summarize t h e  Derformance da ta  
currently a v a i l a b l e  and of i n t e r e s t  t o  va r ious  personnel  f o r  
t h e  Marquardt r a d i a t i o n  cooled 100 lb. thruster. 

Fig. 1 Vacuum Steady S t a t e  S p e c i f i c  Impulse vs. Mixture Ra t io  

Fig. 2 Vacuum S p e c i f i c  Impulse vs. E l e c t r i c a l  Pulse Width 

Fig.  3 Vacuum T o t a l  Impulse VS. E l e c t r i c a l  Pulse Width 

Table I p r e s e n t s  e l e c t r i c a l  c h a r a c t e r i s t i c s  and performance 
da ta  f o r  the i n j e c t o r  mounted two c o i l  so l eno id  p r o n e l l a n t  
c o n t r o l  valves .  

I n  a d d i t i o n  to t h e  above inf.omation t h e r e  a r e  a t tached ,  
copies  of f o u r  f i g u r e s  i l l u s t r a t i n g  t h r u s t e r  performance taken 
from t h e  Marquordt "Apollo Reaction Control  Rocket Engine 
S t a t u s  Report" do ted  22 February 1963. 
o r  a r e  t h e  b a s i s  f o r  information contained i n  F igu res  1, 2 and 
3. 
will be t r a n s m i t t e d  i n  t h e  form of addendum LO t h i s  memo. 
Any a d d i t i o n a l  information requi red  e t  t h i s  time should be 
reques ted  from t h e  authors .  

These f i g u r e s  augment 

As a d d i t i o n a l  information i s  rece ived  from Marquardt, it 

G R U M M A N  AIRCRAFT E N G I N E E R I N G  C O R P O R A T I O N  
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T A B U  I 

E lec tr i ca l  characteristics o f  the  two coi l  solenoid 
prapellant va lw used with Piarquardt100 lbm thruster,  

AUTOHAPIC COIL 

1, Resistance 
2. Inductance 
3. Current 8 t  uhich 

Poppet s t a r t s  t o  
move 

4. Number of turns 
5. C o e f f .  of coupling; 

MrnrnCY COIL 

1. Resistance 
2. Inductance 
3. C u r r e n t  a t  which 

Poppet s tarts  to 

5. Coeff . of coupling 

move 
4. #UlllbOr O f  turn8 

WEIOHT 

STROKE 

AUTOWLTIC COIL CrmRElpT 

EXEROMCY COIL CURRFNT 

NOHINAL RESPCHJSE 

14.1 OlMS 
29 Mll l ihenrp  (c losed) ,  25 (open) 
1.00 amps a t  30 volts doc. 
0.96 ompa a t  24 volts d.c. 

590 
0.81 100 m a  

64.4 OHMS 
225 Millihenrys (closed) 

0,31 amps (ca lculated)  
1820 
0.92 @ I.M) CPS 

O m 8 6  lb. 

0.021 in .  

2.0 amps max. 63 28v 

Om5 amps max. Q 3h 

Full opening from signal 
fill C l O S i n g  from signal 

0,010 see. 
0,005 see. 
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F'RELIMINARY INVESTIGATION OF DyNhMIC COUPLING OF PROF'ELUNT 
SLOSHING WI!L'H "YE A!I"UDE COMTROL SYSW FOR LEN ASCEKC STAGE 

Reference: 1. "Sloshing of Liquids i n  Circulaz Canals and Spherical 
Tanks",  B. Budiansky; Journal of the Aerospace Sciences, 
Vol. 27, No. 3, March 1960. 

2. "App-oximate Transfer Functions f o r  Flexible-Booster- 
and Autopilot Analysis", WADD R e p o r t  TR-61-93; D. R. 
Lukens, A.  F. Schmitt, G. T. Broucek; A p r i l  1361. 

Introduction 

A preliminmy analysis has been conducted t o  estimate the dynamic 
s t a b i l i t y  of the coupled propel lan t  sloshing-attitude control system 
osci l la tory modes f o r  the ascent stage. EScistence of marginal or  un- 
s table  propellant sloshing modes w i l l  impose s ignif icant  design require- 
ments upon the propulsion tankage and f l i g h t  control subsystems. Use 
of bladders i n  the main propulsion tanks excludes the use or' anti-slosh 
baf f les  and therefore may require the addition of sensors and complex 
f i l ters i n  the s tab i l iza t ion  and control subsystem t o  obtain improved 
vehicle s t ab i l i t y .  

Fluid Dampiq 

A key parameter in  s tab i l iz ing  the coupled sloshing modes is damp- 

The damping provided by a smooth-wall spherical  tank of LFgl dia- 
ing of the f lu id  caused by the in te rna l  configuration of the  propellant. 
tank. 
meters t o  the propellant used is negligible ($/A 
of available test data on bladders i n  spherical  tanks has been conduct- 
ed. 
NASA L e w i s  Research Center for t he  damping i n  spherical  tanks with 
various f lu ids  (water, water-glycerin mixtures, mercury, "BE manometer 
f l u i d )  with and without diaphragms. The majority of t h i s  data has not 
been published at  t h i s  d a t e ,  but detai led review of the results and 
expe , rhnta l  methods with L e w i s  personnel indicates v a l i d  data. 
f i ca l ly ,  damping tests were conducted on spherical  tanks of 32-inch 
d i e t e r  with diaphragms of three dif'ferent thickness of butyl rubber 
and with T.B.E. f luid;  on a 20.5 inch d i e t e r  sphere with diaphragms 
and bags of three thicknesses (butyl rubber) with T.B.E. f luid;  on a 
9.5-inch diameter sphere with diaphragms and bags of three thicknesses 
using both T.B.E. and mercury as f lu ids .  

= 0.0025)*. 

I n  order t o  e s t i m t e  the damping produced by a bladder, a review 

A considerable quantity of test  data  has been accumulated by the 

Speci- 

* Oblate spheroids of same size exhibi t  approximately the same damping 
rt&Xo. 
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Additional damping tests on theie  three smooth-walled spheres (no 
diaphragms or begs) f o r  various viscous f lu ids  were conducted. 

The damping r a t i o  f o r  a 47-inch diameter sphere with an 0.01 
inch diaphragm w a s  extrapolated from the  diaphragm test data availa- 
ble using TBE f lu id .  The effect  of the viscosi ty  difference between 
TBE and Lail propellants on denrpiw wa8 then estimated by mans of the 
test  data f o r  smooth-walled spheres with various f l u i d  viscosi t ies .  
The fundamental trend was cheeked through cmpxrison of damping with 
d i a p h r w  f o r  the 9.5 inch sphere between TBE f lu id  and rmxxqy. 
da,tupPw r e t i o  thus calculated was 1% of c r i t i c a l  for f l u i d  depth i n  
the  approximate range from 0.8 dia. t o  0.2 dia. 
material  differences could not be obtained fram the t e s t  data. Be- 
cause of the uncertainties in the  data and extrapolation method, the 
e r ro r  i n  calculated damping r a t i o  is estimated at - + 3O$ of nomina3 
value. 

The 

The ef fec t  of bladder 

Use of cer tain ty-pes of baf f les  can produce a very great increase 
i n  f l u i d  damping per unit  baffle surface area, and therefore are quite 
e f f i c i en t  i n  terms of s t ructural  weight because of the small forces 
involved. Preliminary review of published and unpublished data on 
baffle damping i n  spherical  tanks and oblate spheroids indicate t h a t  
the circular  ring baff le  para l le l  t o  the  f l u i d  surface is  very ef - 
f i c i e n t  f o r  f l u i d  depths i n  the region 0.2 Ch/2R 40.8. A t  shallow 
depths where re la t ive ly  large f l u i d  damping may be desired t o  prevent 
ou t l e t  unporting, two s m a l l  par t i a l  r ing  baf f les  i n  perpendiculaz 
v e r t i c a l  plane, which form a small cruciform, is  effective. 
anti-slosh baPfle design might consist  of two circular  r ing baff les  
located at  q 2 R  = 0.5 and 0.3 with a r ing width of 0.06 dia*, plus a 
cruciform of width 0.06 dia. and arc  legnth nD/4. 
i s  dependent upon vehicle slosh s t a b i l i t y  analysis. 

. 

A typ ica l  

Detailed design 

Sloshing S tab i l i t y  Analysis 

A preliminary analysis of the s t a b i l i t y  of the coupled a t t i tude  
control-,propellant sloshing modes has been completed, This analysis 
w a s  conducted for one point i n  t i m e  during the ascent thrusting tra- 
jectory, and considerable simplification w a s  made i n  the equations i n  
order t o  obtain an assessment of the basic s t a b i l i t y  character in  mini- 
mum time. 

The time point examined was 223 seconds a f t e r  lunar l i f t - o f f  for 
the proposal configuration. This time i s  approximately two-thirds 
with less than maximum h/2R = 0.5 i n  a constant acceleration f i e l d ,  a 
f l u i d  depth somwhat l e s s  than t h i s  w i l l  give maximum slosh force per 
unit  surface angle because the thrust acceleration i s  increasing as 
the tank drains. The p a r t i c u l a r  time chosen is not necessarily the 
point of maximum control coupling, but is estimated t o  be approximately 
the worst condition. 

The analysis was res t r ic ted  t o  consideration of r igid body planar 
motion with a rotat ional  and t rans la t iona l  degree of freedom. The 
first natural  sloshing mode f o r  each tank was included, and higher 
modes neglected. 
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The sloshing mode of each tank WAS coupled t o  the vehicle equation 
of motion i n  a simplified manner, which retained the major coupling 
modes. 

The dynamics of f lu id  motion i n  a spherical tank i n  response t o  
l a t e r a l  tank acceleration can be rigorously represented by equations 
analogous t o  a spring-mass plus a f i x e d  mass within the tank, as de-  
monstrated i n  References l and 2. Such treatment facilitates the 
s t a b i l i t y  analysis and w a s  employed. 
and yaw (Z axis ro ta t ion)  s t ab i l i t y  analysis, the location of the lat-  
e r a l  slosh force was assumedto act at the center of the sphere. A 
l inear  representation of the  pulse modulated behavior of the reaction 
control system was used, and  control by reaction j e t s  was assumed.  

For the pi tch (Y axis ro ta t ion)  

S tab i l i t y  Results 

A root locus of the l i n e a r i z e d  a t t i tude  control system fo r  pitch 
o r  yaw r ig id  body without sloshing i s  shown i n  Figure 1. An operating 
gain (K - l2.95) w a s  chosen t o  prevent the steady-state a t t i t ude  error 
from exceeding 0.1 degree in  the presence of a 3000 inch-pound moment 
from the main engine thrust  offset .  
vide a damping r a t i o  of 0.7 f o r  the r i g i d  body, provides a frequency 
of 6 rad./sec. 

Selection of the rate gain t o  pro- 

The root-locus plots fo r  p i tch  or yaw including sloshing are given 
i n  Figures 2A, B and C. 
s ignificantly;  but sloshing has introduced four dipoles along the imag- 
inary axis with a s table  locus between each pole-zero pair.. A t  the 
operating gain, the coupled frequencies are approximately 4.84 rad./sec. 
and 4.36 rad./sec. The dipole at high frequency has such a minute pole- 
zero spread tha t  i t s  residue, and hence coupling with the control system, 
i s  negligible. The lower frequency dipole has a considerably greater 
residue and is more significant.  

Location of the r ig id  body mode has not changed 

Bemination of the ro l l  axis ( rotat ion about X axis) s t a b i l i t y  
( F i g w  p, E, =Id c )  ShG-,-, tkt ths  S l O G b  cGGpl.irii in GEL2 in& is 
much greater than f o r  the pitch axis, but all modes are stable. 
time response of the system t o  a s t ep  a t t i tude  command w i l l  thus consist 
of a w e l l  damped r i g i d  body mode with a very l igh t ly  damped small ampli- 
tude slosh mode superimposed on it. 

The 

Propellant T- mporting Consibrat ion ( ~ r o p o s d  Configuration) 

A. Descent Stage 

When the f l u i d  depth is l o w ,  slosh mass is s m a l l  enough t o  
preclude control instabi l i ty ,  but the existance of 1wge amplitude 
f lu id  motion may cause e x i t  port uncovering. Therefore, the maxi- 
mum overshoots t o  be expected using bladders or ba9fles should be 
calculated. 

%Le producee an approximate aEPlgJing ratio = 0,05 for h/2R 1110.5 and large 
S u r f a U e  amplitudes 
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A roll maneuver during h o k r  cal l ing f o r  a rate of 10 deg/sec 
will require a reaction Jet on-time of 1.05 second; smaller roll 
rates will require proportionately less on-time. These angular ac- 
celeration periods may therefore easily persist f o r  one-fourth of 
the slosh m o d e  period, since the  sloshing frequencies run from 
L3 =6.1 rad/sec at  full  th ro t t l e  t o  
The angle of the t o t a l  acceleration vector with respect t o  vehicle 
centerline at the tank center is: 

=1.88 rad/sec at minimum th ro t t l e .  

8 = tan -’ 1 8 
T/M axis 

where dbody  angular acceleration about X 

T/M = acceleration from main engine thrust  

Ql = 8.45 deg. at  hover thrust 

Q2 = 13.4 deg. a t  minimum thrust 

If duration of &i s  1/4 of slosh period and the damping r a t i o  
, I  

provided by a bladder is4 = 0.2 the f l u i d  dynamic overshoot w i l l  be 
92% of input. 
the bottcan instead of the bladder could greatly reduce the peak over- 
shoot and thus permit emptying the tank t o  a lower level, 

Thus peak angle Q2 = 25.7 deg. U s e  of a baff le  near  

B. Ascent Stage 

A check on the ascent stage n e w  burnout reveals t ha t  the 

A r o l l  thruster  f i r i n g  gives 
overshoots are much less, unless the roll limit cycle frequency 
equals the  slosh mode frequency. 
8 = 4.45 deg. 
times compared t o  the slosh frequencies%= 4.8 rad/sec,Lk = 4.65 
rad/sec. However, w i t h y  4 0.05, the maximum expected from a blad- 
der at  large amplitude and r o l l  l i m i t  cycle frequency of 4.8 rad/sec. 
(corresponding t o  a dead-band of approximately 0.50 deg.) the peak 
wershoot q l e  would  be 6 = 44 deg. 
sary t o  insure that the  l i m i t  cycle frequency does not coincide with 
slosh frequencies. 
quency is approximately 2.7 rad/sec. 

The high roll acceleration results i n  short f i r i n g  

Therefore, it might be neces- 

The currently estimated r o l l  l i m i t  cycle fre- 

Discussion 

Results of the ascent stage (proposal configuration) s t a b i l i t y  ana- 
l y s i s  show signif icant  but stable coupling of propellant sloshing with 
the control system. Slosh coupling with the r o l l  axis control. loop is  
quite pronounced. Note tha t  a t  the  roll operating gains the length of 
the vector t o  the root from the pole on the upmr dipole (Figure 3 C )  is  
approximately 0.7. The in.troduction of 1% of c r i t i c a l  damping in to  the 
tanks by a bladder would not shfft  the open loop pole P a r  enough i n t o  
the  left  half-plwe t o  make t h i s  mode gain stabil ized; so tha t  it woula 
stiU require phase stabil ization. However ,  anti-slosh baffles could 
easily gain s t a b i l i z e  t h i s  mode. 
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PAGE B2 

* 
Although the preliminary analysis shows s t ab i l i t y ,  approximations 

have been made i n  the equations and the vehicle mass data is quite 
approximate, so t ha t  phase s t a b i l i t y  f o r  all sloshing modes through- 
out the ascent t ra jec tory  cannot be guaranteed.* If detai led analy- 
sis shows ins t ab i l i t y  or marginal stgtbility, and bladders are ins ta l -  
l ed  i n  the tanks, it appears t h a t  phase s tab i l iza t ion  m u s t  be achieved 
by use of high order f i l ters  and/or the  use of lateral acceleration 
feedback or tank d i f fe ren t ia l  pressure feedback. 

Conclusion 

Results of the ascent stage preliminary s t a b i l i t y  analysis show 
signif icant  but s table  coupling of propellant sloshing with the at- 
t i t ude  control system. 
propulsion tan?s does not  appear to be adequate t o  imure against 
marginal sloshing s t a b i l i t y  which ma;y. wise frm f'uture vehicle and 
control changes, data refinement, or analysis refinement. The 
a b i l i t y  t o  use anti-slosh baff les  would permit great f l e x i b i l i t y  i n  
achieving the desired slosh s t a b i l i t y  without resor t ing t o  compli- 
cated f i l t e r  and extra 8enmrB i n  the control system; thus represents 
a much more re l iab le  method of slosh control. The existence of marg- 
i n a l  slosh s t a b i l i t y  may be objectionable t o  the p i lo t ,  even though 
acceptable f o r  the automstic control system. 

The f l u i d  damping provided by bladders in  the 

Significant propellant slosh amplitudes may be generated by 
maneuvers during descent stage hover which would lead t o  ou t le t  un- 
porting, and the damping provided by a bladder is  insuff ic ient  t o  
reduce these amplitudes. 
of the ascent stage (using main engine) it may be necesswy t o  re- 
s t r i c t  the r o l l  limit cycle frequency from coinciding with the slosh 
frequency if the tank contains a bladder. Fuel slosh t e s t s  are pre- 
sent ly  par t  of the test LE% test plan (reference LPL-600-1, T e s t  Plan 
for LEM, 3.5 May 1963). 

To avoid large s losh amplitude near burn-out 

*Effect of guidance steering loop on short s t a b i l i t y  has not been con- 
sidered here. 
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Closed Loop Transfer Functions: 

Command - 
8 1 .  K $( ,FIJI 

(1) - = -  
8, KQ ~2 + K,FLY;{S K ~ I I ' L < Q  + -_c_ 

I I 
Torque Disturbance: 

(2) 8 = 
TD - 

I I 
Crl ter  Ion 

1. Steady state offset due t o  constant torque disturbance. 

2. T rans i en t  responsc ; 

The l a rges t  moment unbalance IG expected t o  occur during powered ascent.  
A C.G. s h i f t  of 1 inch along t h e  Y or Z axis w i t h  a th rus t  of 3OCO l b s .  
along t h e  X a x i s  would r e su l t  in 8 moment unbalance of 3000 in-15s. The 
required steady state guidance accuracy during powered ascent  is assumed 
t o  be 0.1 degrce. Utlilzaxion of i h e  f i m l  valw2 theorem on Eq. (2) 
determine8 the required loop gain. For a constant moment unbalance, 

S u 

Therefore , 
m 

Using t h e  f i n a l  value theorem, 
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The r e a c t i o n  c o n t r o l  system parameters du r ing  powered a s c e n t  are: 

F - 200 lbs. 
L - 5.5 f t .  
I = 2000 s lug - f t2  

S u b s t i t u t i n g  i n t o  E q .  ( 5 ) ,  
/ ( m K e =  /30 l/ra6. 

The l i n e a r i z e d  r e a c t i o n  c o n t r o l  system shown i n  F1g.IA is second order. 
The riatural frequency i n  g iven  by: 

6) 

(7) Lc/n -3/Ka;(mF./1- = 8.45 i=sd . / s ~ c .  

The damping ra t io  is :  

For a Camping r a t io  of 7 r+ 0.7 
K ~ X R  = 21.5 l/rxi, SQC 

A root locus of t h e  l l n e a r i z c d  r e a c t i o n  c o n t r o l  system I s  shown I n  
F ig .  1. 

0 ,II. Sloshing: 

The e f f e c t  of f u e l  6lOShIng on r e a c t i o n  c o n t r o l  system s t a b i l i t y  for  p l ane r  
no t ion  dur ing  powered a s c e n t  i s  being conoidered.  One cond i t ion  of powered 
a s c e n t  is be ing  i n v e s t i g a t e d ,  namely 233 seconds a f t e r  l i f t - o f f .  
p a r m e t e r s  w i t h  r e s p e c t  t o  t h e  p i t c h  axis Eire QS follows: 

SignifLCant 

Gross Weight = 5 l O O  l b s  

c .c. S t a t i o n  = 163.2 i n .  
l y y  = 1900 s l u g - f t 2  

T k ~ r u s t / w e i ~ h t  0.6 

The i 'uci and o x i a i z e r  t a n k  pramters  are as  foiiows: 

'1 
L 

Ascent Fue l  Tanks: 
So. of t anks  = 2 

' Weight fue l / tank  227.17 lb6. 
X-s ta t ion  l o c a t i o n  = 136 i n .  

3 
Tank rcdius = 17.5 I n .  
,-el d e n s i t y  - 55.66 lbs./ft 
Uncoupled n a t u r a l  f requency = 4.42 rid . / E ~ c .  

A s c e n t  Oxlcil zer Tanks: 
no. o i  tcr.:c.s 2 
Weightox . / tank = 454.33 l b o  . 
x - s t c t i o n  l o c a t i o n  - 176 i n .  
Tank r a d i u s  - 18.5 i n .  
Oxidizer  d e n s i t y  - 88.47 lbo./ft.3 
Uncoupled Natura l  Frequency = 4.311 i-ud. ./set. 
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A rrsss-spring amlogy i s  use5 50 r e p r e s e n t  a s l o s h i n g  f l u i d  Ln 
Q s p h e r i c a l  t ank  (Fig. A2) 

Where 
h 
R 
M~ 
K1 

i s  t h e  he igh t  of t h e  f l u i d  ( f t . )  
l e  t h e  tank  r a d i u s  ( ft.) 
i s  t h e  equ iva len t  s losh ing  mss ( s l u g s )  
i s  t h e  equ lva len t  6pring cons t an t  
i s  t h e  t o t a l  f l u i d  mss  

Ea'ch pair of a s c e n t  f u e l  tanks and o x i d i z e r  t anks  are symmetrical  w i t h  
r e s p e c t  t o  t h e  X - A x i s  ( f i g .  A3) 

C O W I G ~ , A T I @ ~  CF' AXEYT FUEL AYD O X I D I m  
TASKS hITH E S P L C T  TO TIC2 P I T C H  AXIS F i g  A3 

Equiva len t  t m k s  correspocding t o  t h e  two f u e l  and  o x i d i z e r  t a n k s  
were placed on the  X-Axis ( f i g .  A 3 ) .  
t h e  miss and spring coi;stant cf a s ingle  t ~ x k .  
analog of t h e  t a n l s  on t h e  >;-Axis i s  shown below i n  f i g .  A 4 .  

The equ iva len t  tank  has  tw ice  
The riechanical 

\ 

I /e -2 



r )  



0 

Using t h e  c h a r a c t e r i s t i c  m t r i x ,  o d l E i t r r l  r o u t i n e  was used t o  genercte 
a r o o t  l o c u s .  The fo l lowing  pararr.etcrs were uscd In t h e  c h a r a c t e r i s t i c  
a t r i x  for  a s c e n t  p i t c h .  

f7 

. .  

1 4. = -2.265 F t .  m 1 = 10.12 slugs 

4 - 1.064 f t .  "2 = 19.7 slugs 

K1 = 197 - 370 x2 

K, = 1 vol t / r ad  

KR 0 0.165 vol t s / rad /sec  

I = 1831 s lug - f t2  Km = 130 vo l t s / r ad  

M = 128.7 s l u g s  

The r o o t  l ocus  I s  shown in FlGure 2A. The t ank  d i p o l e s  are shown 
blown-up I n  F igure  2B and 2C. 
and 2C,  t h e  r-atural f requency and dnnping r a t i o  of t h e  r e a c t i o n  c o n t r o l  
system and a s c e n t  t a n k s  are cktermined ( s e e  Table 1). 

?roG t h e  root l ocus  I n  F igures  2A, 23, 

TcSlc 1 .. 
7 I 

j j  u n  - rad /sec  
System Xatural Freq .  

Bizid Body Xodc 

Fue l  Tank 4.84 o .0006 . 
Oxidizer  Tank . il 4 - 37 I 

A similar a n a l y s i s  was dorie f o r  t h e  r o l l  a x i o  du r ing  powerea a s c e n t .  fhe 
conf igu ra t ion  of t h e  f u e l  an2 oxid izer  tanks  are shown i n  F igu re  A j .  

CONFIGURATION OF ASCEX" FLEL AE2, CXIDIZER TAh'XS WITH 
RESPECT TO Ti23 RO'LL AXIS 
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. 
?he t w  ox id ize r  and two f u e l  'anks were each lumped i n t o  one equiva- 
l e n t  tank. 
ascent  tank  v i t h  r e s p e c t  t o  rol l .  

Belaw i n  F i s r e  ti6 is shosrn t h e  rrechanical analog of the  

I 

Figure A 6  

A torque a p p l i e d  about the x-ax i s  w i l l  cause a n e t  s losh ing  force 
of zero i n  t he  z or  y d i r e c t i o n .  
ryx! .e t r ical  wi th '  r e spec t  t o  the c.g. (See Figure A S ) .  
r eac t ion  con t ro l  systen equations for t h e  r o l l  axis  are given below 
i n  y a p l a c e  no'tation. 

T h i s  i s  ep ,prent  s ince  t h e  tanks  are 
The overall 

(23) [IS2 + l2(K1+K2)] 0 + Kllql + K21q2 - K,FLOe = 0 

(26) (%+K$)Q + Oql  + 00.2 + Q, = 0 

I n  matrix form, equat ions (23) - (26)  can be w r i t t e n  as, 
1- n v.\ tr- 7 11s" +. 1 2 ( X i + K 2 j  Kli "2 A 

( n1S2+K1) 0 
(27) 1 ''K1l K21 

0 ( 9 S 2 + K 2 )  0 

(KO + KBS) 0 0 1 

Again us ing  t h e  c h a r a c t e r i s t i c  n n t r i x  shown ebove, a d i g i t a l  rou t ine  was 
used t o  generate a root locus .  
t h e  fol louing:  

A l l  p r a r . c t e r 6  rePAined the  sane t x c e g t  

I = 1850 s l u g - f t  .2 



The root locus for t h e  a scen t  r o l l  cese  I s  shown i n  F igure  ,W. The 
tsnk d i -wlea  arc Shown blown-up in Flcure 33 and 3C.  Table 2 indicotes 
t h e  mtural frequency and Banping r a t io  for  t h e  r e a c t i o n  c o n t r o l  s y s t e n  
and the ascen t  t anks .  

I I 
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